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 i 
Abstract 
 
Additive manufacturing (AM) is a new and emerging technology in which further 
research is needed in order to make the most of its potential and unique benefits compared to 
conventional manufacturing. This current work helps to develop an understanding of AM 
processes by investigating the effect of subsequent layer addition on previous layers during 
direct laser deposition. As subsequent layers are added to a part, heat is transferred into 
previous layers, which may change the microstructure and properties of the pervious layers. 
There is no current research into the effect of these reheating cycles. In this work a new and 
innovative approach is used in which samples of different numbers of layers are produced and 
analysed, allowing the effect of reheating due to subsequent layer addition to be individually 
investigated. A LENS 450 system is used to produce samples of various numbers of layers (2 
layer, 3 layer, 4 layer etc.) and the microstructure and hardness of the same layer in different 
samples is compared. Before the main research was performed the processing parameters 
were optimised for the LENS 450 system. It was determined that a powder feed rate of 5rpm, 
scanning speed of 18ipm and laser power of 300W produced the best component for this 
system, with a minimum amount of porosity. The optimum sample had only 0.34% porosity 
and a hardness of 203HV ± 23HV. The overall outcome of the work was that a generation of 
new knowledge about direct laser deposition processes was obtained, which will thus help in 
future development and control of AM processes. It was concluded that there was no 
significant change in properties with the subsequent layer addition due to the austenitic 
stainless steel exhibiting no phase changes on heating or cooling, which is a property unique 
to the austenitic stainless steels. 
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 CHAPTER 1 INTRODUCTION 1 
 
Chapter 1 Introduction 
1.1 Topic  
Additive manufacturing (AM) of metallic materials is a rapidly developing field. In 
contrast to conventional manufacturing methods, during AM components are produced 
incrementally from the ground up (Gu et al., 2012). Parts are produced from CAD files, which 
are sliced into layers to be used for the AM process (Thompson et al., 2015). Initially used for 
part prototyping (known as rapid prototyping (RP)) due to its relatively quick production time 
and reduced number of production steps, AM has become a field of interest for manufacturing 
of conventional parts (Gu et al, 2012). In this project, AM of metal parts is considered, in 
which a metal powder is the part feedstock. 
AM offers the unique ability to create parts on demand with unique and personalised 
designs, offering itself well to medical applications, where customisation of implants is highly 
beneficial (Frazier, 2014)(Nakano et al., 2015). There are also many developmental benefits, 
which make the AM process of interest to other areas, including the aerospace industry 
(Shapiro et al., 2015). 
AMED (additively manufactured) parts display unique microstructural properties that 
can vary significantly throughout the part (Yadollahi et al., 2015)(Song et al., 
2015)(Majumdar et al., 2005). This is due to the unique and layer-wise approach to AM, 
which causes complex thermal gradients and reheating cycles that determine the resultant 
microstructure (Yadollahi et al., 2015)(Amine et al., 2014). Due to the rapid cooling 
experienced during AM processes, the parts tend to have fine microstructures, which have 
been shown to produce parts with mechanical properties better than wrought counterparts 
(Zhang et al, 2003)(Yadollahi et al., 2015). The thermal gradients and directional cooling tend 
to lead to microstructures with a clear directional structure (Li et al., 2015)(Yu et al., 
2012)(Zhang et al., 2014).  
Furthermore, during fabrication, as subsequent layers are added to the part, heat from 
the new layers can be transferred into previous layers. This can cause previous layers to be 
reheated, which could have an effect on the microstructure and properties of the previous 
layers. Although much research has been performed into the properties and thermal gradients 
during AM processes, the effect of subsequent layer addition on the microstructure and 
properties of previous layers has not yet been investigated. This is thus the motivation for this 
work, which presents an innovative approach to the research into subsequent layer addition.  
In this research the parts are fabricated using direct laser deposition (DLD). There are 
different systems that can be used for direct laser deposition, including LENS (laser 
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engineered net shaping) systems, in which four nozzles direct powder coaxially, synchronous 
with laser scanning (Thompson et al., 2015). In this research a LENS 450 system is used to 
produce samples of 316L stainless steel and the effect of the subsequent layer addition on 
previous layers is investigated. 316L is an austenitic stainless steel that is commonly used for 
AM and is thus used in this research (Zhang et al., 2003)(Trelewicz et al., 2016)(Li et al., 
2010). Austenitic stainless steels are of particular interest for direct laser deposition as they 
are relatively expensive to machine and have many potential uses (de Lima et al., 2014). 
 
1.2 Project Goals 
  In this project a LENS 450 system will be used to produce samples for analysis via 
direct laser deposition (DLD). There are two main goals of the project. These goals are as 
depicted in Figure 1.1 and discussed in sections 1.2.1 and 1.2.2. 
 
 
 
 
 
 
Figure 1.1 Project goals 
1.2.1 Optimise the Processing Parameters  
It is important to optimise the processing parameters so that a high quality part can be 
produced. For the highest part quality it was desired to produce a part with the least amount of 
porosity. Although research has been performed into the optimum processing parameters, the 
optimum parameters will vary from system to system. As such, the processing parameters had 
to first be optimised for the LENS 450 system used in this research before the research into 
subsequent layer addition could begin. 
Both the processing parameters and powder characteristics affect the quality and 
densification of a part (Amine et al., 2014)(Mahmood et al., 2013). The processing parameters 
that can affect the microstructure and properties include: powder feed rate, scanning speed, 
laser power, idle time, hatch pattern, laser height and more (Amine et al., 2014)(Yadolahhi et 
al., 2015)(Shamsaei et al., 2015). These parameters have large effects on the densification and 
thus the quality of the part. In this research the main processing parameters to be optimised 
were powder feed rate and scanning speed, although laser power was also investigated. The 
microstructure and hardness of each of the samples was also observed and used for 
comparison and discussion.  
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Powder feed rate has a large effect on the densification and thus the quality of a part. 
Too small a powder feed rate can result in not enough powder for densification. On the other 
hand too large a powder feed rate can result in unmelted powder particles that can cause 
porosity in the part (Mertens et al., 2014). The scanning speed will affect how much powder 
will be delivered and also the absorbed laser energy (Thompson et al., 2012). The amount of 
powder delivered due to scanning speed will affect the quality of the part similar to changing 
the powder feed rate. The laser energy will affect the quality of a part as more melting helps 
to reduce porosity due to incomplete fusion, whereas too much energy can create entrapped 
gases in the melted zone (Ng et al., 2009). One powder will be used and the processing 
parameters optimised for this powder. 
 
1.2.2 Investigate the Effect of the Addition of Subsequent Layers on Existing Layers 
Addition of subsequent layers during AM can result in the heat from the newly added 
layer being transferred into previous layers. This can cause reheating and remelting of the 
previous layers (Thompson et al., 2012). This transfer of heat into previous layers and thermal 
cycling could affect the microstructure and hardness of the previous layers. The effect of this 
reheating is still unknown and thus this research aims to help develop an understanding of 
AM parts.  
Figure 1.2 shows a flow chart of the potential effects of the reheating cycles that will 
be investigated. The thermal cycles could affect the microstructure of the part, including grain 
size and morphology, and macroscopic features such as melt pool size etc. The microstructure 
has a direct effect on the properties of a part (Shamsaei et al., 2015). For example grain size, 
phases & morphology will affect the hardness, tensile strength and yield strength (Callister et 
al., 2010). The microstructure will be observed and the hardness of the part will be measured 
and any changes with subsequent layer addition will be observed. 
 
                               
Figure 1.2 Schematic of project goal 2 
Reheating Cycles 
(subsequent layer 
addition)
Microstructure
Properties (hardness)
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1.3 Scope 
This project involves two main parts. The first is the optimisation of the processing 
parameters for the LENS 450 system. The powder used will be a 316L stainless steel powder. 
Although there are many processing parameters that can affect the quality of the AMED part, 
only powder feed rate, scanning speed and laser power will be investigated in this project. 
Other parameters, such as nozzle distance from part, idle time, hatch distance, layer thickness 
and powder characteristics will all be kept constant and thus the effect of these parameters are 
out of the scope of this research. 
For the second part of the research, the effect of subsequent layer addition on previous 
layers will be investigated. The heat transfer into previous layers could have an effect on the 
microstructure and mechanical properties of the previous layers. This effect will be 
investigated in terms of microstructure and hardness. Although the thermal cycles could have 
an effect on other mechanical properties, these effects are out of the scope of this research. 
Table 1.1 provides a summary of what is and is not in the scope of the project. The 
methodology and reasons behind it are discussed in detail in Chapter 3. 
 
Table 1.1 Scope of project 
Goal In Scope Out of Scope 
Optimisation of 
Processing Parameters 
Processing Parameters 
(powder feed rate, scanning 
speed, laser power) 
Microstructure 
Hardness 
LENS 450 system 
Powder characteristics 
Other Processing Parameters 
SEM images 
Other mechanical properties 
Thermal monitoring 
Other AM systems 
Effect of Reheating from 
Subsequent Layer 
Addition on Previous 
Layers 
316L stainless steel 
Optical microstructure 
Hardness 
Other powders 
SEM images 
 
1.4 Assumptions and Limitations 
The main limitations of this project are the boundaries of the capabilities of the AM 
system. It is assumed that the LENS 450 system produces the same results every time and that 
all the processing parameters stay the same. For example, it is assumed that for a certain 
number of rpm from the powder feeder, the same amount of powder is delivered to the part 
and that the powder is focused to the same point. Similarly it is assumed that the laser works 
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similarly every time and focuses accurately every time. Reproducibility is a current challenge 
of AM and thus it is difficult to guarantee reproducibility of the part on different occasions 
(Frazier, 2014). The project is also limited by the size of the system workspace (100mm x 
100mm x 100mm) and the power of the laser (max 400W IPG fibre laser). Unfortunately due 
to time restrictions it was not possible to access SEM equipment and thus only optical 
microscope images could be used.  
 
1.5 Relevance & Significance  
  Additive manufacturing is a developing field, with many potential benefits to 
conventional manufacturing such as a reduction of production steps and improved mechanical 
properties (Gu et al., 2012)(Zhang et al., 2003)(Yadollahi et al., 2015). AMED parts have 
microstructures and mechanical properties that can vary significantly throughout the part 
(Mertens et al., 2014)(Amine et al., 2014)(Zietala et al., 2016). During AM there are complex 
thermal cycles that control the formation of these microstructures (Amine et al., 
2014)(Mertens et al., 2014). It is thus a complex task to accurately predict and control the 
microstructure of AMED parts. As such, a current challenge of AM is reproducibility 
(Frazier, 2014). It is currently difficult from part to part and on different occasions to produce 
identical parts. With the current challenges of AM, a current goal is to better understand the 
thermal cycles and complex microstructural formation of AMED parts (Uriondo et al., 2015). 
With a better understanding of these complex features, it will be possible to have better 
control of the process and thus lead to more reproducible results, with more control of 
microstructure and properties. This research helps to develop an understanding of AMED 
parts. This developed understanding can potentially increase control of the process and 
enhance the benefits of AM use in industry (Frazier et al., 2014). 
 
1.6 Report Outline 
This report is broken down into seven chapters. Chapter 1 is the introduction giving an 
overview of the topic, goals and project scope. Chapter 2 is a literature review of all the 
relevant background material to this project. Chapter 3 contains a discussion of the approach 
to the project and the chosen methodology. Chapter 4 contains the results of the optimisation 
of the processing parameters on the LENS 450 system. Chapter 5 outlines the results of the 
subsequent layer addition research. Chapter 6 compares the results to the microstructure and 
hardness of a cast part and finally Chapter 7 contains the conclusions and recommendations of 
this work. 
                                                                       END
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Chapter 2 Literature Review 
 
2.1 Introduction  
As discussed in Chapter 1, additive manufacturing (AM) is a field of interest for 
research and development, with the potential to offer many unique and interesting benefits 
over conventional manufacturing. In this research a direct laser deposition process 
(specifically a LENS 450 system) is used for an investigation into the effect of subsequent 
layer addition on previous layers. 
This section gives an overview of AM, including; benefits, applications and materials, 
an explanation of direct laser deposition, an overview of the thermal cycles and 
microstructure formation during direct laser deposition and AM. It also discusses the effects 
of processing parameters on the heat input, cooling rate and porosity of AMED parts and 
finishes with a discussion on the current challenges and future direction of AM research. 
 
2.2 Benefits of AM 
There are many benefits of AM, these include; 
 Quick production time (Nakano et al., 2015) 
 Reduced number of production steps, near net shape process (Zietala et al., 
2016)(Nakono et al., 2015) 
 No tooling needed, reducing time and cost (Holmström, 2010) 
 Customisation (Holmström, 2010) 
 Ability to easily make changes to design (Holmström, 2010) 
 Production of complex parts (Uriondo et al., 2015) 
 Can produce parts with complex internal structures (Nakano et al., 2015) 
 Ability to produce both solid and porous structures (Li et al., 2010) 
 Repair of parts (Uriondo et al., 2015) 
 Small production batches are feasible and economical (Holmström, 2010) 
 Reduction of waste (Holmström, 2010) 
 A high percentage of the material can be recycled (Nakano et al., 2015) 
 New design possibilities, including multi-material parts (Shapiro et al., 2016) 
 
These benefits of AM drive the interest in research and development of AM technologies. 
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2.3 Applications of AM 
2.3.1 Overview 
Due to the many benefits of AM, it has found uses in many areas and still has a lot of 
potential for its benefits to be explored and developed further. This section gives a brief 
overview of some of the current applications of AM and some of the areas that will most 
benefit from AM developments. Currently the ability of AM to produce parts individualised 
for a specific purpose is a large motivating force, driving its use in industries such as the 
medical industry (Holmström, 2010)(Nakano et al., 2015). In the aerospace industry, the 
potential for development of new materials, design opportunities and the formation of 
complex parts is of particular interest (Shapiro et al., 2016). These applications display the 
importance of AM and the motivation for further development in this field. 
 
2.3.2 Orthopaedic Applications 
The potential for economical customisation of parts has led to a large application of 
AM in the medical industry (Holmström, 2010). For example, in an article by Nakona et al. 
(2015) they discussed the potential for AMED tailor-made implants for orthopaedic 
applications. In this area, 3D bone data can be used to design implants specifically shaped to 
fit individual patients (Nakono et al., 2014). Implants with both solid and porous sections can 
also be designed and manufactured in the one process, giving AM more flexibility and 
customisability than any previous manufacturing technique (Nakano et al., 2015). Figure 2.1 
shows a tailor-made artificial hip joint with both solid and porous sections, demonstrating the 
abilities of AM (Nakano et al., 2015). 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Tailor-made artificial hip joint with both solid and porous sections fabricated by AM (Nakano et al., 
2015) 
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2.3.3 Veterinary Applications 
Similar to human orthopaedic surgery, AM offers the same benefits to veterinary 
surgery. Harryson et al. (2015) outlined the applications of AM in veterinary orthopaedic 
surgery. They outlined the use of AMED implants for; joint prostheses, limb-sparing 
implants, craniofacial applications, spinal applications, correction of bone deformities and for 
use in trauma cases (Harryson et al., 2015). With the varying size and geometric differences 
between species in veterinary medicine, customisation of implants is very useful (Harryson et 
al., 2015). Figure 2.2 shows a customised implant for a dog produced by AM (Harryson et al., 
2015). 
  
 
 
 
 
 
 
 
Figure 2.2 Custom implant with central porous section for limb-sparing procedure in a dog (Harryson et al., 
2015) 
 2.3.4 Aerospace Applications 
In an article by Shapiro et al. (2016) the possibilities for AM in the aerospace industry 
were discussed. They concluded that there is massive potential for the use of AM for 
aerospace flight applications (Shapiro et al., 2016). AM offers new design possibilities that 
were not previously possible with conventional manufacturing methods. For example, 
gradient materials could be manufactured in which the material composition changes 
throughout the part. AM could also allow for a combination of multiple assemblies to be 
manufactured in a single part, and for high complexity parts to be produced (Shapiro et al., 
2016). Another interesting potential application of AM is that it could allow for in situ 
fabrication and assembly of components, allowing the possibility of components to be 
manufactured in space (Shapiro et al., 2016). Uriondo et al. (2015) also stated that the repair 
of parts by AM techniques is also of interest to the aerospace industry. The use of AM parts 
would reduce downtime and increase the speed of part repair. They concluded that the 
certification of AM parts is a major barrier for the use of AMED parts in the aerospace 
industry, and that for the potential of AM to be fully realised in the aerospace industry, further 
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development of process control and validation techniques will need to be investigated and 
implemented (Uriondo et al., 2015).  
 
2.3.5 Post-Processing Treatment 
For use in the aerospace industry and for most applications of AM, parts will need 
some type of post-processing and densification after production to reduce porosity and thus 
improve the quality (Shapiro et al., 2016). For example, hot isotactic pressing can be used to 
reduce porosity and increase the strength (Nakano et al., 2015)(Shapiro et al., 2016). Post-
processing may also be required to control the surface roughness. Annealing can also be used 
to obtain the desired part properties (Shapiro et al., 2016). Heat treatments can also change the 
amount of retained ferrite in a part (ASTM A800). 
 
2.4 Materials for AM 
Some common materials that have been used for metal AM include; steels, Al alloys, 
Ti alloys, Ni based superalloys and CoCr (Herzog, 2016). Of the currently used materials Ti-
6Al-4V has been by far the most researched alloy (Frazier, 2014). Steel is the most widely 
used engineering material and is such a material of high interest for AM (Herzog, 2016). For 
laser metal deposition (LMD) austenitic stainless steels (such as 301, 304, 316) and tool steels 
(H13) have been commonly used (Herzog, 2016)(Wang et al., 2016). These materials are used 
in a powder form that is typically produced by water, gas or plasma atomisation (Herzog, 
2016). Different powders are produced with varying composition, particle morphology and 
particle size, which will all affect the quality of the AM part (Mahmood et al., 2013). Most 
powders used by AM have been developed for other applications, for example powder 
sintering and compaction (Höganäs, 2015). It is thus a possible area of research, to develop 
new and specialised materials for AM processing. 
 
2.5 316L Stainless Steel 
2.5.1 Introduction 
In this research 316L stainless steel powder was used for a direct laser deposition 
process. The composition and powder size distribution are shown in the methodology in 
Chapter 3. There are different types of stainless steel, depending on the metallurgical phases 
present in their microstructure, including; ferritic, martensitic, austenitic and duplex (ferrite 
and austenite) steels (Newson, n.d.). The material used in this research, 316L is part of the 
300 series family (austenitic stainless steels) and is the low carbon content version of 316 
stainless steel (Atlas Specialty Metals, 2004). The low carbon content reduces the risk of 
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grain boundary carbide precipitation, also known as sensitisation (Atlas Specialy Metals, 
2004). Austenitic stainless steels exhibit better corrosion resistance than other grades of 
stainless steel and provide excellent pitting resistance (Newson, n.d.). 
 
2.5.2 Phases in Austenitic Stainless Steels 
As the name suggests, austenitic stainless steels are predominantly austenite, which is 
an FCC phase (Zietala et al., 2016). Another phase, ferrite, has been shown to occur in some 
laser deposited samples (Padilaha et al., 2013)(Yu et al., 2013). Ferrite is a BCC phase and is 
ferromagnetic (Zietala et al., 2016)(ASTM A800, 2016). According to ASTM A800 (2016) 
alpha ferrite is ferrite that has formed from austenite in the solid state on cooling, whereas 
delta ferrite forms initially on solidification of the molten metal.   
 
2.5.3 Heat Treatments & Work Hardening 
Possible effects of the reheating cycles on the microstructure of the 316 stainless steels 
include heat treatment effects and work hardening. As such, the various heat treatments and 
the effect of work hardening on stainless steel are discussed here. Austenitic stainless steels 
cannot be hardened by heat treatment but can be hardened by work strengthening (Newson, 
n.d.). Annealing, however, can be performed by heating the steel to approximately 1050℃ to 
1120℃ and then quenching, as opposed to other types of steel in which this treatment would 
harden the steel (British Stainless Steel Association, 2016a). In terms of work hardening, cold 
working the steel can induce ‘strain induced’ martensite, which is a hard and brittle phase 
(British Stainless Steel Association, 2016a). This martensite can be transformed back to 
austenite by the annealing treatment (British Stainless Steel Association, 2016b). 
 
2.5.4 Effect of Alloying Elements 
The alloying elements in the stainless steel determine the properties of the part. All 
stainless steels contain iron and a minimum of 10.5% chromium. The chromium reacts with 
oxygen and moisture to form a protective oxide film, giving stainless steels excellent 
corrosion resistance. The addition of nickel also further improves corrosion resistance, and 
molybdenum increases resistance to pitting corrosion (Newson, n.d.). Other alloying elements 
also affect the properties of the stainless steel, including determining which phases are 
stabilised. Table 2.1 outlines the effects of the alloying elements in the 316L stainless steel 
used in this research. 
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Table 2.1 Effect of alloying elements in stainless steel (Newson, n.d.) 
Alloying Element Effect on Properties 
Chromium  Corrosion resistance - formation of 
protective oxide layer on surface 
 Ferrite stabiliser 
Nickel  Improves corrosion resistance 
 Austenite stabiliser 
Molybdenum  Improves local and general corrosion 
resistance 
 Ferrite stabiliser 
Carbon  Enhances strength 
 Adverse effect on corrosion resistance 
(chromium carbides) 
 Austenite stabiliser 
Manganese  Austenite stabiliser 
Silicon  Improves resistance to oxidation 
 Ferrite stabiliser 
 
2.5.5 Solidification Modes 
Austenitic stainless steels have three different possible solidification modes, as shown 
by equations 2.1, 2.2 and 2.3 (Padilha et al., 2013). Most of the research has been into 
solidification during welding applications (Yu et al., 2013). These solidifications modes have 
also been seen to apply to direct laser deposition (Yu et al., 2013).  
 
 
 
 
 
                                Where, L = liquid, 𝛾 = austenite, 𝛿 = ferrite 
Mode A forms austenite only, mode AF forms austenite as the leading phase followed 
by ferrite and Mode FA forms ferrite as the leading phase followed by austenite (Padhila et 
al., 2013). The solidification mode of austenitic stainless steels is determined by the chemical 
composition and the cooling rate (Li et al., 2015). As the Creq/Nieq values increase the 
solidification mode is more likely to go from A to AF to FA modes (Li et al., 2015). The 
  Equation 2.1 Mode A (𝐿 → 𝐿 + 𝛾 → 𝛾) 
Equation 2.2 Mode AF (𝐿 → 𝐿 + 𝛾 → 𝛾 + 𝛿) 
Equation 2.3 Mode FA (𝐿 → 𝐿 + 𝛿 → 𝛾 + 𝛿) 
 CHAPTER 2 LITERATURE REVIEW 12 
resulting microstructure will depend on the cooling rate. For example in the FA and AF 
modes, a slower cooling rate will allow more time for the secondary phase to form. 
Most parts produced by direct laser deposition are purely austenite, however, some 
contain small percentages of ferrite (de Lima, 2014)(Li et al., 2015). Thus the possibility of 
ferrite content in the samples must be considered. Ferrite is ferromagnetic, while austenite is 
non-magnetic and thus magnetic properties can be used to determine ferrite content (Stainless 
Foundry & Engineering, Inc., 2016). 
Figure 2.3 shows a pseudobinary section of the Fe-Cr-Ni ternary system at 70% iron 
(Li et al., 2015). The 316L stainless steel powder used in this research has a composition of 
approximately 65% iron. This diagram shows how the amount of chromium and nickel affect 
the solidification microstructure. Chromium is a ferrite stabiliser and nickel is an austenite 
stabiliser (Newson, n.d.).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Fe-Cr-Ni ternary system at 70% iron (Li et al., 2015) 
 
Due to the high cooling rates during welding or laser deposition processes, non-
equilibrium microstructures can occur (Mertens et al., 2014). Post processing heat treatments 
can be can be used to reduce the ferrite content (ASTM A800).  
 
2.5.6 Methods for Predicting Ferrite Content 
Research into the solidification of austenitic stainless steels has been performed by 
many different researchers. Primarily research has focused on conventional welding processes 
(Yu et al., 2013). However, these results can be applied to laser deposition processes. (Yu et 
al., 2013). Of the models used to predict ferrite content, the Schaeffler diagram (Figure 2.4) 
has been by far the most common and reliably used (Li et al., 2014)(de Lima et al., 2013). The 
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ASTM A800 standards for the casting of austenitic alloys suggests another method for 
predicting ferrite content. This is the Schoefer diagram, shown by Figure 2.5. Figure 2.4 
shows the Schaeffler diagram, which is primarily used to predict the amount of ferrite in 
austenitic stainless steel welds and Figure 2.5 shows the Schoefer diagram, which is 
suggested in ASTM A800 to predict the amount of ferrite in austenitic stainless steel castings. 
The composition of the 316L stainless steel is marked on both diagrams. Both diagrams 
suggest less than 5% remaining ferrite in the solidification microstructure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Schaeffler diagram (adapted from Dacapo Stainless, n.d.) 
 
The main influence on ferrite content is chemical composition, cooling rate, heat input 
and heat treatment (Li et al., 2015). The effect of the chemical composition on ferrite 
composition is determined by the Creq and Nieq values (Li et al, 2015). Using the Creq and 
Nieq from the Schaeffler model, Takola et al. (1979) determined that for welding of steels 
with compositions Creq/Nieq <1.480, the solidification mode was AF and that ferrite formed 
from the remaining melt between growing cells or cellular dendrites of austenite (Takolo et 
al., 1979). The Creq/Nieq ratio of the 316L stainless steel used in this research is 
approximately 1.5. Thus the expected solidification mode is either FA mode or possibly AF 
mode. Although these diagrams are for conventional welding processes, they can be used to 
give an indication of the amount of ferrite that will be present in the direct laser deposition 
samples. The complex heating and cooling cycling and the rapid cooling rates in direct laser 
deposition could result in an unpredictable solidification mode. From Figure 2.4 it can be seen 
that the composition of 316L stainless steel is expected to contain approximately 4% ferrite. 
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Figure 2.5 Schoefer diagram for estimating average ferrite content in austenitic stainless steel castings (adapted 
from ASTM A800 standards) 
 
2.6 Direct Laser Deposition 
There are different kinds of direct laser fabrication processes. Figure 2.6 shows the 
classification of different types of laser fabrication processes (Santos et al., 2006). There are 
both melting and non-melting systems. Metal deposition processes involve delivery of the 
feedstock through coaxial feeding with the heat source, while powder bed fusion involves 
powder being spread across a work area in thin layers that are then selectively melted (Herzog 
et al., 2016). All these types of direct laser fabrication can use single component powders, 
pre-alloyed powders or a mixture of powders (Santos et al., 2006). In laser metal deposition 
and selective laser melting, the powder is melted by a laser (Herzog et al., 2016).  
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Figure 2.6 Classification of direct metal laser fabrication processes (adapted from Santos et al., 2006) 
 
 In this report parts are formed by direct laser deposition. The terminology for the same 
process can vary depending on the institution or place that it is being discussed (Uriondo et 
al., 2015)(Santos et al., 2006). Some terms that have been used to represent a direct laser 
deposition process include;  
 Direct laser deposition 
 Laser metal deposition 
 Directed light fabrication 
 Direct laser deposition 
 Direct laser fabrication 
 Laser rapid forming 
 Laser melting deposition 
 Laser cladding 
In this article laser metal deposition will be referred to as direct laser deposition or DLD. 
 
Direct laser deposition (DLD) is a type of metal additive manufacturing in which 
metal powder is delivered to a part coaxially with synchronous laser scanning. The build area 
is filled with a shielding gas, such as argon or helium to protect the part from oxidation 
(Herzog et al., 2016). DLD utilises complete melting of the powder, which then bonds as it 
cools and solidifies (Gu et al., 2012). DLD systems can build parts from the base up, most 
commonly with the nozzle and laser moving in the z direction and the part moving in the x-y 
Direct Metal 
Laser 
Fabrication
Non-melting 
system
Selective-laser 
sintering
Powder in bed
Melting system
Selective laser 
melting
Powder in bed
Direct laser 
deposition
Powder injected 
through nozzles
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directions (Gu et al., 2012). In other systems the part moves while the nozzle remains 
stationary (Herzog et al., 2016). Some systems can also incorporate multiple build axis (Gu et 
al., 2012). The coaxial feeding system of DLD means that DLD systems are useful, not only 
for manufacture of new components but also to repair worn or damaged parts (Gu et al., 
2012). DLD also allows for a larger build area and higher build rate than powder bed fusion 
processes (Herzog et al., 2016). LENS (laser engineered net shaping) is a form of direct metal 
deposition, in which multiple nozzles are used for powder delivery (Gu et al., 
2012)(Thompson et al., 2015).  
The microstructural features and properties of DLD parts have similarities to other 
AM processes. As such, the results for direct laser deposition can be compared to the results 
for the other direct laser fabrication processes with complete powder melting, listed in Figure 
2.6. For example, the microstructural features of parts produced by selective laser melting 
(SLM) are very similar to DLD parts and thus can be used in some sense for comparison of 
results. Laser cladding is a very similar process to direct laser deposition and is even 
sometimes used as an interchangeable term for DLD (Santos et al., 2006). Thus research for 
these processes can be compared to research for direct laser deposition processes. 
 
2.7 Thermal Cycles, Melt Pool & HAZ 
Direct laser deposition involves melting and solidification of metal powder as the laser 
scans across the part surface (Thompson et al., 2015). The absorption of heat during this 
process causes interesting and varying thermal conditions (Thompson et al., 2015). As the 
laser scans across the surface, powder is melted and begins to solidify as the laser moves on 
(Herzog et al., 2016). As the laser passes over, the melted region forms a spherical melt pool, 
as shown in Figure 2.7. The melt pool moves along at the transverse scanning speed 
(Thompson et al., 2015). Extending below the melt pool is the HAZ (heat affected zone), 
where the heat from the melt pool has transferred into the surrounding part (Thompson et al., 
2015). Many factors influence the shape and energy of the melt pool, which can affect the 
microstructure and thus the quality of the part (Thompson et al., 2015). For example, the laser 
spot size will determine the size of the melt pool and the smaller the spot size the higher the 
energy input. Studies have previously been performed into the complex melt pool dynamics 
of DLD processes (Thompson et al., 2015). Due to the high temperatures and localised heat 
inputs, the cooling rate during AM is rapid and large thermal gradients are experienced 
(Zhang et al., 2008)(Herzog et al., 2016). Zheng et al. (2008) found that the cooling rates 
experienced during the LENS process can be in the order of 103 K/s to 104 K/s.   
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         Once one layer has been fabricated, the laser moves up in the z direction and begins 
fabricating the next layer. For efficient welding of the layers, the laser must partially melt 
previous layers in such a way to allow for good inter-layer bonding (Mertens et al., 2014). 
Furthermore as subsequent layers are added, heat from the new layers is transferred into 
previous layers. This reheating could have an effect on the microstructure and properties of 
the previous layers (Thompson et al., 2015). The effect of this reheating on the microstructure 
and properties of the previous layers has not yet been individually investigated and is thus the 
focus of this research.                                  
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Melt pool and HAZ (Thompson et al., 2015) 
 
2.8 Microstructure 
The microstructure of laser deposited parts display unique microstructures when 
compared with conventional manufacturing methods (Zhang et al., 2003)(Casati et al., 
2016)(Li et al., 2015). During DLD the laser scans across the part and one by one each layer 
is deposited. It has been shown that the individual layers during the deposition process can be 
seen as macroscopic bands in the solidified microstructure (Li et al., 2015)(Zhang et al., 
2003). Semicircular shapes can also be seen perpendicular to the build direction, which 
correspond to individual melt pools (Mertens et al., 2014). Guo et al. (2016) discussed two 
macroscopic features, which were curved features due to the Gaussian laser distribution and 
lines due to individual scanning layers.  
As the laser passes across the surface of the build during DLD, the melt pool and HAZ 
move across with it. This results in a thermal gradient with the previously deposited zones 
being at a lower temperature than the recently deposited zones. As such, nucleation starts at 
the initially deposited area and ends up following the scanning direction. This results in a 
columnar dendritic structure that follows the scanning path (Li et al., 2015). During DLD heat 
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is also transferred towards the relatively low temperature substrate, which can result in a 
directional microstructure in an upward direction (Li et al., 2015). The directional growth 
causes anisotropic mechanical properties, with the yield and tensile strength tending to be 
better in the direction parallel to the layers (Zietala et al., 2016)(Selcuk, 2011). The unique 
thermal history and anisotropic properties result in AM parts having properties different to 
conventional manufactured parts (Zietala et al., 2016). Due to the high cooling rates and thus 
fine microstructures, AM parts have been shown to have properties better than conventional 
parts (Zhang et al., 2003)(Yadollahi et al., 2015).  
Yadollahi et al. (2015) discussed how there is dendritic growth around melt pool 
boundaries and equiaxed growth within the melt pools. Research has also shown that dendrite 
and grain growth can extend across different layers, indicating an epitiaxial growth mode 
(Casati et al., 2016)(Zhang et al., 2003). The unique and complex microstructures cause part 
properties, which can vary significantly throughout the part (Wang et al., 2016)(Zietala et al., 
2016). Furthermore, the high thermal cycles and restriction of the contraction of subsequent 
layers (due to previous layers), internal stresses may arise (Mertens et al., 2014). 
It has also been shown that the microstructure depends on the ratio G/R where G is the 
thermal gradient at the solid-liquid interface and R is the solidification rate (Zhang et al., 
2003). At large G/R the microstructure is more likely to be columnar whereas at small G/R 
the microstructure is more likely to be equaixed (Selcuk, 2011). 
 
2.9 Porosity in AM 
Due to the nature of DLD, some porosity will be observed in the sample. In some 
situations it can be desired to obtain a controlled amount of porosity (Li et al., 2010)(Nakano 
et al., 2015)(Harryson et al., 2015). However, in most manufacturing situations it is desired to 
produce a fully dense part, as porosity can weaken the part and lead to early failure and 
reduced strength. Research has shown that there are two main forms of porosity in AM parts 
(Mertens et al., 2014)(Ng et al., 2009). For example, Mertens et al. (2014) found two different 
forms of porosity in selective laser melted samples. These were spherical pores inside melt 
pools due to entrapped gases and larger elongated ‘lack of melting’ defects localised between 
melt pools of successive layers, formed from unmelted powder. The ‘lack of melting’ defects, 
also known as lack of fusion defects were attributed to insufficient melting of the newly 
deposited layer or insufficient remelting of the previous layer and can be noticed as lack of 
fusion between layers and around melt pools (Mertens et al., 2014). Entrapped gases porosity 
occurs due to entrapped gases in the solidified part (Ng et al., 2009). In general, the lack of 
fusion porosities are much larger than the entrapped gases porosity (Ng et al., 2009). The 
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occurrence of both of these types of porosity will depend on the chosen processing parameters 
and will depend on the thermal history of the part (Ng et al., 2009)(Yadollahi et al., 2015). 
For example, too high a powder feed rate can result in unmelted powder leading to entrapped 
powder particles and thus lack of fusion porosity. The amount of laser energy will also clearly 
affect the occurrence of lack of fusion defects as it determines the amount of heating (Ng et 
al., 2009). The laser energy can also determine the amount of entrapped gases as higher 
energy can increase turbulence in the melt pool and cause gases to be entrapped (Ng et al., 
2009). The effect of processing parameters on the quality of AMED parts is discussed in 
detail in section 2.10.  
Yadollahi et al. (2015) demonstrated that the fusion between layers is governed by the 
thermal history of the part. They found that the porosity is greater near to the build plate than 
it is in higher layers. Closer to the build plate the cooling rate is high and may cause 
insufficient bonding between layers, whereas higher up the temperature is more constant 
allowing better bonding between layers (Yadollahi et al., 2015). 
Direct laser deposited parts have been produced with high quality. In previous 
literature, parts have been produced with very low levels to no porosity (Herzog et al., 2016). 
For example, Majumdar et al. (2005) produced stainless steel components with virtually no 
porosity using a 1.5kW diode laser. 
 
2.10 Optimisation/Effect of Processing Parameters and Powder Characteristics 
2.10.1 Introduction 
The interaction between the processing properties and the resultant microstructure is 
complex. Both the processing parameters and the powder characteristics can affect the part 
properties. The processing parameters include, powder feed rate, scanning speed, laser power, 
deposition head height, laser spot size and others such as hatch spacing and pattern (Amine et 
al., 2014)(Shamsaei et  al., 2015)(Thompson et al., 2015)(Mertens et al., 2014). These 
parameters are interrelated and must be appropriately balanced.  
 Before beginning a discussion into the effects of processing parameters on the quality 
and microstructure of a part, the following concepts must be noted: 
1. The thermal history, mainly the cooling rate will have a direct impact on the 
resultant microstructure as a faster cooling rate limits the growth time and 
thus limits the size of grains and promotes a finer microstructure 
2. The finer the microstructure the stronger and harder the part (mechanical 
properties) as indicated by the Hall Petch law 
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3. The porosity in AM parts is caused by ‘lack of melting’ defects from too 
much powder or not enough heating and from entrapped gases due to too 
much energy in the melt pool (Mertens et al., 2014)(Ng et al., 2009) 
 Thus when analysing the effects of the processing parameters, it is important to look at 
the parameters effect on the residual heat, cooling rate and amount of powder in the part. The 
effect of powder feed rate, laser power and scanning speed are discussed. For well-formed 
parts, the laser energy will be the primary input for the cooling rate and residual heat and all 
the parameters will largely affect the porosity. Table 2.2 indicates the effects of the 
parameters on heat input, cooling rate and type of porosity favoured. 
 
2.10.2 Powder Feed Rate 
 The powder feed rate must be correctly balanced so that there is enough powder to 
produce a component but not too much to produce porosity due to ‘lack of melting’ defects. If 
there is not enough powder then the part would not be able to be produced with thick enough 
layers to meet the height requirement. On the other hand, with too much powder there may 
not be high enough heat input to melt all the powder, which could result in unmelted powder 
causing porosity. The excess powder would be likely to cause a lack of fusion between layers 
and around melt pools which will need to be avoided when producing good quality samples.  
 
2.10.3 Laser Power 
 The laser power will have a large impact on the resultant microstructure and porosity 
of the part. At a high laser power a large amount of melting will occur reducing the 
occurrence of ‘lack of melting’ defects but increasing the possibility of entrapped gases due to 
a turbulent melt pool (Ng et al., 2009). A high laser power has also been shown to reduce the 
cooling rate resulting in larger grains and thus a less strong part (Selcuk, 2011). On the other 
hand a lower laser power will reduce the amount of melting and thus increase the occurrence 
of ‘lack of melting’ defects, which may cause poor fusion between layers (Ng et al., 2009). 
The cooling rate will increase for lower laser powers and thus result in a higher hardness 
(Selcuk, 2011).   
 
2.10.4 Scanning Speed 
The scanning speed is the most complex of these parameters, as it affects both the 
powder density and the laser energy (as shown by equations 2.4 and equation 2.5). At low 
scanning speeds there is a higher heat input, which is beneficial for melting (thus reducing the 
likelihood of ‘lack of melting’ defects), however, there is an increased amount of powder, 
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which can increase the amount of ‘lack of melting’ defects. On the other hand, a high 
scanning speed will have the opposite effect, with less powder reducing ‘lack of melting’ 
defects but a decrease in the melting itself, which would tend to increase the porosity. Thus 
there is a complex interaction between scanning speed and porosity. Research by Ma et al. 
(2012) found a complex interaction between scanning speed and relative density, in which the 
density both increased and decreased with increasing scanning speed. 
  
2.10.5 Powder Characteristics 
The powder characteristics can have an impact on the quality and densification of a 
part (Mahmood et al., 2013)(Pinkerton et al., 2003). Only one powder is used in this research 
and the details of composition and powder size distribution are discussed in the methodology 
in Chapter 3.  
 
2.10.6 Other 
There are many other properties that affect the resultant microstructure and quality of 
the part. These include parameters such as idle time, laser deposition head height, laser spot 
size, shielding gas flow rate and also build design parameters, such as build direction and 
hatch pattern and hatch spacing (Ng et al., 2009)(Casati et al., 2016)(Shamseai et al., 
2015)(Zhang et al., 2014). These parameters are not the focus of this research and are kept 
constant throughout.  
 
Table 2.2 Effect of parameters on heat input, cooling rate and type of porosity favoured 
  Heat Input 
(Selcuk et al., 
2011) 
Cooling Rate 
(Selcuk et al., 
2011) 
Type of Porosity 
(Mertens et al., 
2014) 
Laser Power Up Increase Decrease Spherical 
 Down Decrease Increase Lack of Fusion 
Scanning Speed Up Decrease Increase Either 
 Down Increase Decrease Either 
Powder Feed Rate Up - - Lack of Fusion 
 Down - - - 
 
2.11 Laser Energy and Powder Density 
There are two main parameters that describe the interaction between laser power, 
powder feed rate and scanning speed. These are laser energy density and powder density. 
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Telesang et al. (2014) looked at the effect of laser parameters on microstructure and hardness 
of laser clad H13 tool steel. They suggested that laser parameters such as scanning speed and 
powder feed rate should be combined to give a laser energy density, as shown by equation 
2.1. They also suggested an equation for powder density, as shown by equation 2.2 (Telesang 
et al., 2014). Both these parameters change as the scanning speed changes. Since laser 
cladding is a very similar process to direct laser deposition, these equations are also 
appropriate for DLD processes and as such could be used to describe the results of this 
research. 
 
                   
𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟 (𝑊)
𝐵𝑒𝑎𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)×𝑆𝑝𝑒𝑒𝑑(
𝑚𝑚
𝑠
)
          
Equation 2.4 Continuous Laser Energy Density (J/mm^2)  
                     
𝑃𝑜𝑤𝑑𝑒𝑟 𝐹𝑒𝑒𝑑 𝑅𝑎𝑡𝑒 (
𝑔
𝑚𝑖𝑛
)
𝐿𝑎𝑠𝑒𝑟 𝑆𝑝𝑜𝑡 𝑆𝑖𝑧𝑒(𝑚𝑚)×𝑆𝑝𝑒𝑒𝑑(
𝑚𝑚
𝑠
)
       
Equation 2.5 Powder Density (g/mm^2)  
 
 
2.12 Optimisation from Literature 
Most research has been performed into the optimisation of processing parameters of 
different systems. Due to the variability between AM systems, it is difficult to obtain a 
universal set of optimum parameters. As such, it has been chosen to compare the results of 
this research to the results for LENS 450 systems. Zietala et al. (2016) produced samples of 
316L stainless steel using a LENS 450 system. They used the following parameters, 400W 
laser power, 15mm/s scanning speed, powder feed rate of 5rpm to produce samples of 2cm x 
2cm x 2cm. For these samples they found the microhardness in the direction perpendicular to 
the layers to be 289 ± 16HV. They referred to the hardness of commercially available 316L 
stainless steel as ~215 – 225HV and thus concluded that the AMED parts had a higher 
hardness than conventional samples (Zietala et al., 2016). The results of the research by 
Zietala et al. (2016) can be compared to the results obtained in this current research and 
should give a similar outcome. Although it is possible to also compare the results to other 
research using different systems, it will not give a clear indication of the parameters due to the 
differences between systems and the complex interaction between process parameters. 
 
2.13 AM Modelling & Control 
To make the most of AM it is important to develop control of the microstructure and 
properties. This can be achieved through understanding and modeling the processes during 
AM (Uriondo et al., 2015)(Frazier, 2014). Uriondo et al. (2015) reviewed the important 
aspects of AM in the aerospace industry. They provided a model for the current simulation 
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areas of the AM process, as shown by Figure 2.8. They stated that to better improve the AM 
process and produced better quality parts, it is important that all these simulation areas and 
their connections to each other are well researched and understood (Uriondo et al., 2015). 
Although there has already been much research into many of these areas, due to the 
complexity of the system the research is still not complete. In this research the effect of the re-
heating due to subsequent layer addition on the microstructure and hardness of previous layers 
is investigated, which has not yet been researched and understood. This is thus the first step 
into researching the effects of subsequent layer addition for 316L stainless steel, which will 
add to the overall understanding of AM and can be used to help develop control of the AM 
processes. 
Figure 2.8 Simulation areas of the AM process (Adapted from Uriondo et al., 2015) 
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2.14 Future Development of AM Technologies 
 To further develop AM technologies and to make the most of its potential, further 
research and understanding of the underlying science of the process is needed (Frazier, 2014). 
Various research articles outlined the potential for development of this technology. The main 
conclusion is that there needs to be continued research into the complex AM processes so that 
a deeper understanding can be developed (Frazier, 2014)(Uriondo et al., 2015). With the 
deeper understanding process models and controls can be developed allowing better control 
over the microstructure and properties of AM parts. With this understanding and control there 
are many potential developments and improvements of this technology that will become 
possible. These are as follows: 
 
 A better control of part quality and properties (Uriondo et al., 2015) 
 Consistency and reproducibility across AM (Frazier, 2014) 
 Standardisation of the process (Uriondo et al., 2015) 
 Process control including closed loop process monitoring (Frazier, 2014) 
 Development of verification and control techniques, particularly for the aerospace 
industry (Uriondo et al., 2015) 
 A development of new alloys or combination of materials with better properties for 
AM (Shapiro et al., 2016) 
 
All these improvements can be achieved through continued research into AM technologies 
and development of understanding and modelling of the process. 
 
 
 
 
 
 
 
 
 
                                                                       END
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Chapter 3 Methodology 
 
3.1 Discussion of Chosen Methodology & Alternate Approaches 
 
3.1.1 Aim of Research 
For this investigation, the main focus was to determine the effect of subsequent layer 
addition on the microstructure and properties of the previous layers. As such the methodology 
had to be created around the idea of achieving this. Before beginning the main investigation, 
the processing parameters for the LENS 450 system had to be optimised. Due to the 
variability in AM systems, it was important to optimise the parameters for the system in use 
before beginning research.  For the research into subsequent layer addition, it was ideal to 
have an optimum component with minimal porosity, and thus the processing parameters were 
first optimised.  
 
3.1.2 Optimisation of Processing Parameters 
Clearly there were many ways to attempt the optimisation process. Methods to achieve 
the optimisation process include:  
1. Trial and Error Process: Produce many samples with various parameters and 
find the sample with the best combined properties 
2. Systematically Optimise the Processing Parameters: Optimise one parameter 
and then optimise the other one to achieve the best possible density 
3. Systematically Optimise the Laser Energy Density (Equation 2.4) and 
Powder Density Equations (Equation 2.5): Optimise one parameter and then 
optimise the other one to achieve the best possible density 
 
Systematically optimising the processing parameters was a better choice than a trial 
and error method because it would allow for an investigation into the effects of each 
parameter individually on the quality of the part, which would also allow for a better 
understanding and control of the LENS 450 system. Although it would allow for better 
generalisation of the results to use the laser energy density and powder density equations, it 
would have taken significantly more time to change the parameters and hold one of the values 
constant while changing the other. Furthermore, systematically changing the actual machine 
parameters, such as powder feed rate and scanning speed allows for better understanding and 
control of the LENS 450 system and its parameters. 
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3.1.3 Effect of Subsequent Layer Addition 
After the optimum conditions were determined it was possible to start the main 
investigation into the effect of subsequent layer addition on the microstructure and properties 
of previous layers. Although much research has been performed into the thermal cycles 
during AM and the resulting microstructure and properties, the effect of subsequent layer 
addition on the previous layers has not been well researched and is thus the focus of this 
research. Most previous research into direct layer deposition have involved full parts being 
produced and analysed. For example, research by Zietala et al. (2016) produced 2cm x 2cm x 
2cm samples for analysis using a LENS 450 system. Other research has looked into the 
microstructure and hardness of different layers, however, the microstructure in the same layer 
with subsequent layer addition has not yet been researched. Previous research has involved 
full sized samples being produced and analysed, which has not allowed the effect of reheating 
due to subsequent layer addition to be properly investigated (Amine et al., 2014)(de Lime et 
al., 2014). The innovative approach to the current research, involves a layer-wise approach in 
which samples of various numbers of layers (e.g. 1 layer, 2 layer, 3 layer etc.) will be 
produced and used to compare the same layer in samples with different numbers of layers for 
example the 2nd layer in each, as depicted by Figure 3.1. This is a new approach to AM 
research and will allow for any changes in a layer with subsequent layer addition to be 
observed. This will thus lead to the generation of new knowledge about AM processes. 
 
 
 
 
Figure 3.1 Layer-wise approach used for investigation of subsequent layer addition 
 
3.1.4 Quality, Microstructure and Hardness 
Throughout this investigation the main results that were investigated were, porosity, 
microstructure and hardness. The porosity was considered to be indicative of the quality of the 
part, as porosity can decrease mechanical properties and increase the likelihood of cracking. It 
was thus desired to produce a part with as little porosity as possible.  
The microstructure of a part, including phases and morphology determines the 
physical and mechanical properties. For example, grain size can be linked to mechanical 
properties, with smaller grains indicating stronger and harder materials. This is commonly 
associated with the Hall-Petch law, which describes the relationship between grain size and 
tensile strength (Callister, 2010). 
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            Where, σ is yield strength 
                        σo and ky are constants for the material  
                        d is average grain diameter  
 
Hardness is an important property as it is the materials resistance to plastic 
deformation. Furthermore, being the resistance to plastic deformation, hardness can also be 
considered to give some indication of other mechanical properties and thus the quality of the 
part. 
 
3.1.5 Limitations & Assumptions 
The main limitations in terms of the methodology were the available equipment and 
time. For example, it was not possible to do SEM analysis and thus only optical 
microstructural observations could be made. Furthermore, the reproducibility of AM is also a 
limitation as the parameters might change slightly on different occasions and thus give 
different results depending on when the samples are produced. For example, the deposition 
head height may vary slightly or the amount of powder for each flow rate may change 
slightly. There is also less uniformity in AM samples compared to other samples, meaning 
that the properties may change significantly in various locations of the part. Testing must 
therefore be performed at various locations in the samples. For the purposes of analysis used 
in this research it was assumed that the properties and density of 316 stainless steel were very 
similar to 316L, as wrought 316L was not available for investigation. 
 
3.2 System & Powder Specifications 
3.2.1 LENS 450 System 
The OPTOMEC LENS 450 system is a direct laser deposition system. It consists of 
four copper nozzles, which coaxially focus powder into the melt pool formed by the laser 
melting, Figure 3.2. In this system a 400W IPG fibre laser is used. According to the LENS 
450 system handbook, the optimum laser spot size for the system is 400μm. The build plate 
moves in the x-y directions and the deposition head moves in the z direction. The initial 
nozzle height above the sample is determined by a standard measuring block that is 3/8 
inches. As the sample is fabricated the deposition head moves up by an increment set by the 
layer thickness. It is thus important that the chosen parameters result in layer thickness equal 
                     𝜎 =  𝜎𝑜 + 𝑘𝑦𝑑
−
1
2 Equation 3.1 Hall Petch Law  
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to the set thickness. When the system is in use, the build area (10cm x 10cm x 10cm) is 
purged with argon gas. The oxygen level must stay below 10ppm to reduce oxidisation. 
 
 
 
 
 
 
 
 
 
Figure 3.2 LENS 450 System 
3.2.2 316L Stainless Steel Powder 
In this research a low carbon austenitic (316L) stainless steel was used. Austenitic 
stainless steels have high corrosion resistance, due to the chromium and nickel content and 
316L has good localised corrosion resistance due to the molybdenum content (Höganäs, 
2015). Table 3.1 shows the chemical composition of the 316L stainless steel powder used in 
this research, and Figure 3.3 shows the distribution of particle size in the powder.  
 
Table 3.1 Chemical composition of 316L stainless steel powder 
Component C Mo Ni Fe Mn Cr Si 
Percentage 0.006% 2.6% 12.8% Balance 1.5% 17.0% 0.7% 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Distribution of particle size in the 316L stainless steel powder 
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The data sheet for the 316L stainless steel powder used in this research is included in 
Appendix A. 
 
3.3 Methodology 
3.3.1 Sample Size and Hatching 
Before beginning the research, a sample size and hatch pattern had to be decided upon. 
Samples of different sizes were produced and it was decided that a 1.5cm cube was the best 
choice for the research. The samples had to be used for microstructural analysis and density 
results. This size was chosen because it was large enough to be reliable for the results but also 
small enough not to take too long to produce. The layers were 0.02 inches thick, and 28 layers 
were used. The hatch spacing was 0.03 inches. The hatch spacing should be 1.5 times the 
layer thickness. Each of the samples were made with a hatch pattern alternating between 0 
degrees and 90 degrees, as shown in Figure 3.4. This simple pattern was chosen for simplicity 
of analysis of the microstructure. For each layer the contour was produced first and then the 
hatch.  
                  
Figure 3.4 Hatching pattern (a) cross section part way through a hatch (b) label showing hatching direction and 
pattern 
 
3.3.2 Samples for Optimisation of Processing Parameters 
Throughout the research many samples were produced. Table 3.2 outlines the samples 
that were chosen and used for the optimisation of the processing parameters. First samples 
were produced for the optimisation of powder feed rate (samples 1 – 5). Once the optimum 
powder feed rate was determined, samples were produced for the optimisation of scanning 
speed (samples 6 – 9). The parameters were chosen within the range of the system, and 
parameters that were too extreme were not included. For example, the maximum powder feed 
rate of the system, a powder feed rate of 26rpm could not produce a component because the 
layers were too thick and the laser became unfocused. A sample was also produced at 250W 
laser power, to show how lower laser powder produces samples of higher porosity (sample 
a. b. 
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10). A laser power of 300W was chosen, as any higher laser power did not focus well on the 
LENS 450 system when trying to build samples with 316L stainless steel. 
 
Table 3.2 Processing parameters for samples 
Sample Laser Power Powder Feed Rate Scanning Speed 
 W rpm ipm mm/s 
1 300 8 24 10.16 
2 300 10 24 10.16 
3 300 14 24 10.16 
4 300 18 24 10.16 
5 300 22 24 10.16 
6 300 10 15 6.35 
7 300 10 18 7.62 
8 300 10 20 8.47 
9 300 10 30 12.7 
10 250 10 24 10.16 
 
Throughout the process, the system parameters changed and thus more samples were 
produced. These samples are shown in Table 3.3. 
 
Table 3.3 Processing parameters for further samples 
Sample Laser 
Power 
Powder Feed Rate Scanning Speed 
 W rpm g/min ipm mm/s 
a1 300 5 7.35 18 7.62 
a2 300 6 8.25 18 7.62 
a3 300 7 9.34 18 7.62 
a4 300 8 10.97 18 7.62 
 
3.3.3 Samples for Investigation into Effect of Subsequent Layer Addition 
For the second part of the project, 8 samples were produced of the optimum 
processing parameters. Samples of; 2 layers, 3 layers, 4 layers, 5 layers, 10 layer, 15 layers, 
20 layers and 25 layers were produced using these conditions, as shown by Figure 3.5. All the 
samples were produced on the same substrate to try and minimise error due to the variability 
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in AM. A sample of only one layer was not produced because it was considered that the first 
layer was still embedded in the substrate and was thus better to start analysis from 2 layers 
upwards. 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Samples for analysis of effect of subsequent layer addition 
 
3.3.4 Density – Archimedes Principle 
The samples were polished before the density measurements to remove the poor 
surface finish that could affect the results. The density of the samples was measured using 
Archimedes principle. The weight of each sample was first measured in air and then its 
weight was measured in Galden water. The difference in weight between these measurements 
was used to calculate the density, as discussed in Appendix B. The density measurements 
were taken at least four times for each sample, to ensure the reliability of the results. To 
determine porosity, the density of a wrought sample of 316 stainless steel was measured and 
used to calculate the porosity in the samples.  
 
3.3.5 Microstructure 
The samples had to be ground and polished before etching so that the surface 
roughness was suitable for viewing under an optical microscope. They were first hot mounted 
in a polyfast mounting. Once the samples were mounted they were ground using silicon 
carbide paper 320 grit, 600 grit, 1200 grit and 4000 grit using STRUERS automatic polishers. 
Distilled water was used as the lubricant for grinding. The samples were then polished using 
MOL and NAP discs for 9 mins each using DiaPro lubricants. For the NAP polishing cycle 
ethanol was squirted on the disc every 30 seconds. Before and after the polishing steps, the 
samples were cleaned with ethanol to remove any surface contaminants. The samples were 
then etched using Carpenters 300 series stainless steel etchant for 5 seconds, to reveal 
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microstructural features such as grain boundaries. The microstructure was observed under an 
optical microscope. Unetched samples were used for porosity pictures. 
 
3.3.6 Carpenters 300 Series Stainless Steel Etchant 
The chemicals and concentrations of Carpenter 300 series stainless steel etchant are 
shown in Table 3.4. The sample was immersed into the etchant for 5 seconds. 
 
Table 3.4 Carpenter 300 series stainless steel etchant (Pace Technologies, 2016) 
Component Concentration 
Ferric chloride 8.5g 
Cupric chloride 2.4g 
Alcohol 122ml 
Hydrochloric acid 122ml 
Nitric acid 6ml 
 
3.3.7 Vickers Microhardness 
The hardness of the samples was tested using a STRUERS Duramin microhardness 
tester. A Vickers microhardness tester uses a diamond shaped indenter to create an indent. 
The size of which is used to determine the hardness of the sample. A test load of 1.961N and a 
time of 15 seconds were used. Microhardness tests will determine the localised hardness of 
the sample. This will therefore be affected by the microstructure at the particular location, 
porosity and inclusions in the sample. An average microhardness was thus used to give the 
average hardness of each section. The hardness was measured in the top, middle and bottom 
of the sample from a cross section in a vertical direction (i.e. perpendicular to the layer 
direction), as depicted by Figure 3.6. By measuring the hardness in these sections it was 
possible to determine if there was any variation in hardness with location in the part. Five 
microhardness tests were taken for each location. Throughout this report, the results are listed 
as top, middle, bottom and average of each sample. The top, middle and bottom results are the 
average of these sections individually and the average is the average of all the hardness results 
for that sample. The raw data from these hardness tests are shown in Appendix C. For all the 
plots of hardness results, error bars are used to show the range of values for each section. 
These are the maximum and minimum values that were measured. These values are also listed 
in Appendix C. Due to the variability in AM parts and the localised nature of microhardness 
testing, these values were within about 10% of the average values. Occasionally an extreme 
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result was obtained, which was then discarded as being inaccurate due to inclusions or 
porosity in the sample at the location of testing.    
 
 
 
 
 
 
 
 
 
Figure 3.6 Location of hardness testing - vertical cross section of part 
 
3.3.8 Casting  
In order to properly understand the value of the results, it was important to compare 
the results to a part produced by traditional manufacturing techniques. Thus a cast sample, of 
similar weight to the AMED samples was produced in a small PAM (plasma arc melting) 
furnace from 316 stainless steel (Figure 3.7). This sample was used to compare 
microstructure, density and hardness results to the AMED samples. For the microstructure 
and hardness testing, a vertical cross section was used, similar to the AMED samples. 
 
 
 
 
 
 
 
Figure 3.7 Cast sample 
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Chapter 4 Optimisation of Processing 
Parameters 
 
 
4.1 Introduction 
Before beginning the research into the effect of subsequent layer addition the 
processing parameters had to be optimised for the LENS 450 system. The powder feed rate 
and scanning speed were optimised to produce the best quality part, with the least amount of 
porosity. This section outlines the results of the initial effort to produce the best quality 
sample using this system. The microstructure and hardness of the powder feed rate and 
scanning speed samples are described. A sample for lower laser power (250W) was also 
produced, to show how porosity increases with lower laser power. 
 
4.2 Samples 
First the powder feed rate was optimised, and then the scanning speed. The parameters 
used for the samples are outlined in Table 4.1. 
 
Table 4.1 Samples for Optimisation of Processing Parameters 
Sample Number Powder Feed Rate Scanning Speed Laser Power 
1 8 24 300 
2 10 24 300 
3 14 24 300 
4 18 24 300 
5 22 24 300 
6 10 15 300 
7 10 18 300 
8 10 20 300 
9 10 30 300 
10 10 24 250 
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4.3 Results 
4.3.1 Density 
The density of each of the samples was calculated using Archimedes principle. It was 
found that to obtain accurate results the samples had to first be polished before the densities 
were measured. At least four density measurements were taken for each sample. To calculate 
the porosity in each of the samples the density of a standard wrought sample of 316 stainless 
steel was measured and found to be 7.936g/cm^3. 
The first five samples were produced for different powder feed rates using a constant 
scanning speed (24ipm), as shown in Table 4.2. The initial scanning speed was chosen as a 
recommendation from initial experimentation with the LENS 450 system. The powder feed 
rate was optimised first because it appeared to have a larger effect on the resulting porosity in 
the sample. It was found that the lower the powder feed rate used the more dense the 
component produced. In fact, Figure 4.1 shows that for the range of values used in the 
research, the relationship between powder feed rate (rpm) and porosity in the sample is almost 
linear. Thus the smallest powder feed rate should be used.  However, 8rpm was not enough to 
produce a dimensionally accurate component as there was not enough powder to produce the 
correct height (as shown in Figure 4.2a) and thus 10rpm was chosen for the scanning speed 
samples. The results of these samples are shown in Table 4.3. The results show that a powder 
feed rate of 10rpm and scanning speed of 18ipm produce the most dense component. 
 
Table 4.2 Porosity of powder feed rate samples 
Powder Feed Rate (rpm) 
Scanning Speed (ipm) 
8 
24 
10 
24 
14 
24 
18 
24 
22 
24 
Sample Number 1 2 3 4 5 
Density (g/cc) 7.867 7.846 7.806 7.778 7.734 
Porosity 0.87% 1.13% 1.64% 1.99% 2.55% 
Note: The porosity was calculated using a standard density of 316 stainless steel of 7.936g/cm^3 
 
Table 4.3 Porosity of scanning speed samples 
Powder Feed Rate (rpm) 
Scanning Speed (ipm) 
10 
15 
10 
18 
10 
20 
10 
24 
10 
30 
Sample Number 6 7 8 2 9 
Density (g/cc) 7.791 7.873 7.777 7.846 7.811 
Porosity 1.83% 0.79% 2.00% 1.13% 1.58% 
Note: The porosity was calculated using a standard density of 316 stainless steel of 7.936g/cm^3 
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Figure 4.1 shows the relationship between porosity and powder feed rate for the range used in 
the research. 
 
 
 
 
 
 
 
 
 
Figure 4.1 Relationship between porosity and powder feed rate (rpm) 
After the powder feed rate was optimised, the scanning speed was optimised using the 
optimum powder feed rate. The relationship between the scanning speed and porosity is much 
more complex than for the powder feed rate and is discussed is section 4.4. All the densities 
and the differences between the samples can be linked to the chosen processing parameters 
and the interactions between them, and are discussed in section 4.4. 
 
4.3.2 Pictures of Samples 
Figures 4.2 and 4.3 are pictures of the AMED samples. All of the samples fulfilled the 
1.5cm height requirement except the 8rpm component that did not have enough powder to 
produce the correct height layers (Figure 4.2a) and the 30ipm component where the 
deposition head moved too quickly and thus did not properly form the part (Figure 4.3). 
Powder feed rates above 18rpm (with 24ipm scanning speed) start to become dimensionally 
inaccurate due to too much powder, as shown by Figure 4.2c, where the samples start to 
become lopsided. Scanning speeds above 30ipm (with 10rpm powder feed rate) start to 
become dimensionally inaccurate due to the deposition head moving too quickly and losing 
control of the deposited material, as shown by Figure 4.3.  
      
Figure 4.2 Powder feed rate samples (a) 8rpm (b) 10rpm and 14rpm  
(c) 18pm and 22rpm 
             Figure 4.3 Scanning      
                 speed samples 
a. 
b. c. 
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4.3.3 Porosity 
Research has shown that two types of porosity are likely to occur in AM parts. These 
are lack of melting defects and spherical pores from entrapped gases in the melt pool (Mertens 
et al., 2015). The main cause of porosity in the samples was lack of fusion defects. Lack of 
fusion (‘lack of melting’) defects can occur because of too much powder or not enough 
heating (Mertens et al., 2014). These defects tend to occur as lack of fusion between layers 
and around melt pools. Figure 4.5 and Figure 4.6 show lack of melting defects in the scanning 
speed 20ipm and 30ipm sample respectively. Insufficient fusion of layers can occur from 
insufficient heating of deposited layers or from insufficient reheating of previous layers 
(Mertens et al., 2014). Figure 4.7 shows a lack of fusion between bottom layers in the 20ipm 
sample. 
The porosity in each of the samples is shown in Table 4.4 and Table 4.5. It was found 
that in most cases the porosity tended to be greater in the bottom layers and less in the top 
layers. Figure 4.4 shows the porosity in the powder feed rate 10rpm, scanning speed 15ipm 
sample (sample 6), which clearly shows the variation in porosity with location in the samples.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Porosity in powder feed rate 10rpm, scanning speed 15ipm sample (sample 6) 
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Figure 4.5 Lack of melting - 20ipm sample (sample 8) 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Lack of melting - 30ipm sample (sample 9) 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Poor inter-layer fusion in 20ipm sample (sample 8) 
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Table 4.4 shows the increased amount of porosity with powder feed rate. Large 
amount of porosity due to poor inter-layer fusion can be seen. For these samples lack of 
fusion porosity is the primary defect. 
 
Table 4.4 Porosity images - powder feed rate samples 
Figures Information 
     
Figure 4.8 Porosity in sample 1 (a) top (b) middle (c) bottom 
Scanning Speed: 24 
Powder Feed Rate: 8 
Porosity: 0.87% 
     
Figure 4.9 Porosity in sample 2 (a) top (b) middle (c) bottom 
Scanning Speed: 24 
Powder Feed Rate: 10 
Porosity: 1.13% 
    
Figure 4.10 Porosity in sample 3 (a) top (b) middle (c) bottom 
Scanning Speed: 24 
Powder Feed Rate: 14 
Porosity: 1.64% 
     
Figure 4.11 Porosity in sample 4 (a) top (b) middle (c) bottom 
Scanning Speed: 24 
Powder Feed Rate: 18 
Porosity: 1.99% 
     
Figure 4.12 Porosity in sample 5 (a) top (b) middle (c) bottom 
Scanning Speed: 24 
Powder Feed Rate: 22 
Porosity: 2.55% 
 
 
 
 
 
 
 
a.   b. c. 
a.   b. c. 
a.   b. c. 
a.   b. c. 
a.   b. c. 
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Table 4.5 shows the porosity in the scanning speed samples. It can be seen how there 
are large lack of fusion defects in the samples with high porosity. 
 
 
Table 4.5 Porosity images - scanning speed samples 
Figures Information 
     
Figure 4.13 Porosity in sample 6 (a) top (b) middle (c) bottom 
Scanning Speed: 15 
Powder Feed Rate: 10 
Porosity: 1.83% 
     
Figure 4.14 Porosity in sample 7 (a) top (b) middle (c) bottom 
Scanning Speed: 18 
Powder Feed Rate: 10 
Porosity: 0.79% 
     
Figure 4.15 Porosity in sample 8 (a) top (b) middle (c) bottom 
Scanning Speed: 20 
Powder Feed Rate: 10 
Porosity: 2.00% 
     
Figure 4.16 Porosity in sample 9 (a) top (b) middle (c) bottom 
Scanning Speed: 30 
Powder Feed Rate: 10 
Porosity: 1.58% 
 
 
 
 
 
 
 
 
 
 
a.   b. c. 
a.   b. c. 
a.   b. c. 
a.   b. c. 
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4.3.4 Microstructure of Individual Samples 
The microstructure of each of the powder feed rate and scanning speed samples is 
included here for comparison (Figures 4.17 – 4.26).  The sections are perpendicular to the 
layers. 
 
Figure 4.17 Powder feed rate 8rpm (sample 1) 
                   
  Figure 4.18 Powder feed rate 10rpm (sample 2) Figure 4.19 Powder feed rate 14rpm (sample 3) 
        
  Figure 4.20 Powder feed rate 18rpm (sample 4)       Figure 4.21 Powder feed rate 22rpm (sample 5) 
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Figures 4.22 - Figure 4.26 are microstructure images of the scanning speed samples. 
The images are perpendicular to the layer direction. 
 
                                                                          
          Figure 4.22 Scanning speed 15ipm (sample 6)              Figure 4.23 Scanning speed 18ipm (sample 7) 
      
Figure 4.24 Scanning speed 20ipm (sample 8) 
        
         Figure 4.25 Scanning speed 24ipm (sample 2)          Figure 4.26 Scanning speed 30ipm (sample 9) 
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Microstructure images in the direction parallel to the layers were also investigated to 
give more details about the samples. Figure 4.27 is a cross section of sample 2 (parallel to the 
layers) showing the part formation from the hatch pattern. This view clearly shows the 
formation of the part and the hatch pattern. It also shows how the hatch spacing will have a 
critical effect on the resultant porosity as the spaces between the hatching could be reduced to 
improve the densification.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27 Cross section of sample 2, powder feed rate 10rpm and scanning speed 24ipm showing hatch pattern 
 
 
Figure 4.28 is a close view of the cross section of sample 7 showing the 
microstructural features in a parallel direction to the layers. The hatch pattern can be seen 
through the formation of the microstructure in the scanning direction. Furthermore, dendrites 
can be seen outwards from the individual scanning paths and equaixed grains can be 
observed. The equaixed grains are likely to be cross sections of equaixed dendrites, which run 
in the perpendicular direction. Figure 4.29 is a close up view of the same section. 
 
 
 
 
 
 
 
 
 
 CHAPTER 4 OPTIMISATION OF PROCESSING PARAMETERS 44 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28 Cross section of sample 7, powder feed rate 10rpm and scanning speed 18ipm 
 
 
 
 
 
 
 
 
Figure 4.29 Cross section of sample 7, showing microstructure parallel to layers 
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4.3.5 Laser Power (Sample 10) 
Figure 4.30 shows a sample produced at 250W laser powder compared to a sample 
produced at 300W. The 250W sample shows a large quantity of lack of melting defects and 
had a density of close to 5% (4.5%) compared to a density of 1.1% in the 300W sample. The 
lower laser power sample (250W) did not tend to etch well because of the large amount of 
porosity. 
               
Figure 4.30 Powder feed rate 10rpm and scanning speed 24ipm (a) 250W (b) 300W 
The hardness of the 250W sample was also measured so that the effect of laser power 
on hardness could be investigated. Figure 4.31 shows the Vickers microhardness results of the 
top, middle and bottom of the 250W sample and the corresponding 300W sample. Amine et 
al. (2014) found that lower laser powers give higher hardness, due to less heat input and thus 
slower cooling rates. Although the results from this experiment also seem to indicate this 
trend, the difference in hardness is small and still within experimental error. Thus it can be 
seen that for the range of values tested, the laser power does not have a significant effect on 
the results except to largely increase the porosity with decreasing laser energy. Thus the 
highest possible laser power was used to produce the samples. 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 Vickers microhardness of powder feed rate 10rpm and scanning speed 24ipm at 250W and 300W 
laser power 
 
a. b. 
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4.3.6 Microhardness of Samples 
The Vickers microhardness of the top, middle and bottom of all the samples was 
measured. At least 5 microhardness results were taken for each section and the average taken 
to be the hardness of that section. The results are shown in Table 4.6 and Table 4.7 and 
plotted in Figures 4.32 – 4.35. Appendix C contains the raw data for the hardness results. 
 
Table 4.6 Vickers microhardness of powder feed rate samples 
Powder Feed Rate 
(Scanning Sp.: 24ipm) 
8 10 14 18 22 
Sample Number 1 2 3 4 5 
Top Section 182 183 173 198 182 
Middle Section 186 183 181 193 185 
Bottom Section 191 186 173 196 180 
Sample Average 186 184 176 196 182 
 
Table 4.7 Vickers microhardness of scanning speed sample 
Scanning Speed 
(Powder Feed: 10RPM) 
15 18 20 24 30 
Sample Number 6 7 8 2 9 
Top Section 173 184 193 183 175 
Middle Section 197 188 196 183 190 
Bottom Section 181 189 196 186 196 
Sample Average 183 187 195 184 187 
 
 
 
 
 
 
 
 
 
 
Figure 4.32 Vickers microhardness of powder feed rate samples 
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Figure 4.33 Vickers microhardness of scanning speed samples 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.34 Vickers microhardness of top, middle and bottom of powder feed rate samples 
 
 
 
 
 
 
 
 
 
 
Figure 4.35 Vickers microhardness of top, middle and bottom of scanning speed samples 
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4.4 Discussion 
This section looks at the results of porosity, microstructure and hardness for samples 1 
– 10. The results will be discussed in terms of reasons for the differences in porosity for 
different processing parameters, the effects of the processing parameters and the resulting 
hardness of each of the samples. Before a discussion of the results can occur, it is important 
that the microstructure of the AMED samples is fully understood. Thus this section will begin 
with a discussion of the common microstructural features that were obtained in the samples. 
 
4.4.1 General Microstructural Features 
There was no significant differences between the microstructural features of the 
samples with different parameters (Figures 4.17 – 4.26). The general microstructural features 
were similar across all samples and are as follows. The microstructural images are sections 
taken perpendicular to the layer direction.  
Firstly, due to the layer-wise nature of AM, the samples contained a macrostructure 
with a clear layer-wise evolution, as shown by Figure 4.36. For all the samples (Figures 4.17 
– 4.26) the layer height was fairly similar at 500μm (which corresponds to the 0.02 inches 
layer height). The main difference that was observed was that in the samples that had better 
quality (in terms of porosity) the microstructural formation was also better controlled. That is, 
the layers were more uniform and parallel in the samples that had better quality results. This 
suggests that the deposition of material is more uniform and controlled once the parameters 
are properly selected.  
Due to the simple hatch pattern, the layers are either perpendicular to the page or 
parallel to the page. In the layers that are perpendicular to the page, individual melt pools can 
be seen. The melt pools are approximately 500μm wide. The melt pool size is very similar in 
all the samples (Figures 4.17 – 4.26). In the layers parallel to the page, there are patterns 
representing the melt pool solidification in the direction of scanning. The circular melt pool 
shape and curved patterns in the scanning direction evolve from the Gaussian laser 
distribution (Guo et al., 2016). It was not possible to determine the grain size from the optical 
images.  
Figure 4.37 shows a typical microstructure with the microstructural features labelled. 
There are dendrites following the scanning direction with a slightly upward component. This 
is due to the solidification and nucleation of the dendrites from the initially deposited material 
to the most newly deposited material. The upward component is due to some downward heat 
transfer. Dendrites can also be seen around the melt pools due to the high thermal gradients in 
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these areas. There were varying amounts and types of porosity in the samples, which is 
discussed in section 4.4.2 and 4.4.3.  
 
 
Figure 4.36 Layers in microstructure 
 
 
Figure 4.37 Microstructural features of samples 
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4.4.2 Types of Porosity 
As expected the main type of porosity in the samples were lack of fusion defects, as 
shown by Figures 4.5 – 4.7 and Figures 4.8 – 4.16. These defects were caused by unmelted 
powder due to too much powder and or not enough melting (laser energy). For most samples 
the lack of fusion defects tended to be more prominent near the bottom of the sample. As the 
laser scans across the sample there is bulk heating of the part. This means that the overall 
amount of heating is much less at the bottom of the part and thus there is a larger amount of 
porosity, which can be seen by lack of fusion between layers. The differences in porosity 
between different samples is discussed in section 4.4.3. To remove the lack of fusion defects 
it would be logical to increase the laser power further. During this research it was not possible 
to use a higher laser power as the laser became unfocused.  
 
4.4.3 Individual Microstructure and Quality of Samples 
            The general microstructural features of the samples were as discussed in section 4.4.1. 
These features were similar across all samples, and the melt pool size and shape did not 
significantly change between samples.  
For the powder feed rate samples, it was found that the lower the powder feed rate, the 
better the densification of the samples. Looking at Figures 4.8 to 4.16 and at the porosity in 
these samples it can be seen that there is a large amount of lack of melting defects, which 
become larger in the higher powder feed rate samples. These defects are caused by unmelted 
powder and tend to be located around and in between melt pools. In the case of the powder 
feed rate samples, there was a large amount of porosity in between layers. This is due to a 
lack of fusion between layers, which in this case was caused by a large amount of unmelted 
powder that increased as the powder feed rate increased. The lack of fusion between layers 
was more prominent in between the layers near the bottom of the part. This would be due to 
the bulk temperature of the part increasing as more layers are added and thus allowing for 
better bonding in higher layers.   
          For the scanning speed samples, the interaction is more complex. As the scanning speed 
changes, two main interactions occur. These are a change in the powder density and a change 
in the laser energy. As the scanning speed increases, the same amount of powder comes out 
the nozzles, however, it is distributed over a larger area, as depicted by Figure 4.38. As such, 
the powder density (the amount of powder actually distributed to the part in a certain area) 
decreases. The other effect is that the laser has less time over each specific location because 
the distribution head is moving faster. This means that less heat is absorbed into the part and 
thus the laser energy decreases. As such there are two ways in which porosity due to lack of 
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melting can occur when changing the scanning speed. The first is that the nozzle is moving 
too slowly and there is too much powder being distributed to the part. The second is that the 
nozzle is moving too quickly and not allowing enough time for absorption of the laser energy 
into the part. That is, lack of fusion porosity due to too much powder or not enough heating. 
 
 
 
 
 
 
 
 
Figure 4.38 Diagrammatic representation of powder density compared to scanning speed 
Looking at the density and porosity results in Table 4.3 it can be seen that there are 
two samples with better densifications than the other samples. These are the 18ipm and 24ipm 
samples. Since there are two main interactions that affect the amount of fusion defects 
(amount of laser energy and amount of powder) this can explain why two different scanning 
speeds produced better results than the others. For the results seen in this research, it can be 
concluded that there is a sample for which less powder (at higher scanning speed) is optimum 
and a sample for which the increase in melting (at lower scanning speed) is optimum. The 
18ipm sample has an improved density because of increased heating reducing the defects. On 
the other hand, the 24ipm sample has an improved density because of reduced powder 
density. Figure 4.39 depicts these results. Other research, for example research by Ma et al. 
(2016) also showed results that support the idea of a non-linear relationship between scanning 
speed and porosity.  
 
 
 
 
 
 
 
 
 
Figure 4.39 Explanation of scanning speed results 
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4.4.4 Hardness 
Since there was only one phase present in the samples, it was not expected that the 
difference in hardness between samples would be large. As was expected, the hardness of the 
samples does not vary all that much between the different processing parameters. For most of 
the values the variation is within experimental error and is thus not considered significant. 
The 18rpm sample (sample 4) showed a higher hardness then the other samples. There did not 
seem to be any underlying explanation for this. As such, it was concluded that this was most 
likely due to the variability of AM in which the samples could be produced slightly 
differently depending on when they were produced.  
 The 20ipm sample seemed to have a slightly higher hardness then the other scanning 
speed samples. This could be attributed to a higher cooling rate in the sample. As the 20ipm 
sample had the largest amount of lack of fusion defects, it indicates a lower overall heating in 
the sample, which could have increased the cooling rate. This effect can not be confirmed 
because the result was still within experimental error.  
 There are different ways the sample will cool. These include conduction through the 
substrate and convection and radiation through the air. The conduction will mostly increase 
the cooling rate at the base of the part and the convection and radiation will increase the 
cooling rate at the top of the part. Furthermore, as the sample is fabricated the bulk 
temperature of the part will rise due to repeated laser passes. The bulk heating would decrease 
the cooling rate as the bulk temperature rises and thus suggest that the hardness at the top of 
the samples would be less. All these factors will contribute to the cooling rate of the sample, 
which will affect the hardness in the top, middle and bottom of the part. Although there are 
slight differences in the hardness of the top, middle and bottom of the samples, there is no 
clear trend that indicates which effect is the most prominent and the differences are all within 
experimental error. 
 The sample produced using 250W laser power had a higher hardness than a 
component produced with similar processing parameters at 300W laser power. This was 
concluded to be due to the lower heat input allowing for faster cooling rates and thus a harder 
sample. Although there was an improvement in hardness at lower laser power, there was a 
much larger porosity in the sample. The improvement in hardness was also relatively small. 
 These results suggest that for the parameters used in the investigation there is not a 
large difference in the hardness amongst samples or with location in the samples. This is 
beneficial because it means that the best quality component (in terms of density) can be 
produced without worrying about detrimentally affecting the hardness. Furthermore, it implies 
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some uniformity within the samples, with no large difference in hardness between the top, 
middle or bottom of the part. 
 
4.4.5 Further Discussion – Other Considerations 
During DLD there are many factors that must be considered. In this research the 
powder feed rate and scanning speed were optimised and all other factors were held constant. 
The processing parameters will affect the thickness of the layers and thus had to be selected to 
produce a suitable height component with the selected layer height. For layer heights that 
differ significantly from the expected layer height, the laser focusing height begins to change 
during part fabrication. This causes the laser to become unfocused and can cause the sample 
to burn. As such, it is highly important that the layer height is close to the desired layer 
height. Laser powers above 300W also resulted in the laser becoming unfocused and so 300W 
was the maximum laser power that could be used. 
The processing parameters affected the dimensional accuracy of the part and so had to 
be selected accordingly. When the laser was moving too fast or there was a lot of excess 
powder, the part tended to become lopsided and in this way did not produce a good quality 
part. This limited the range of parameters that could be used for the research. 
Looking at Figures 4.5 and 4.6 it can be seen that the lack of fusion defects can occur 
between melt pools. This defect could also be reduced by changing the hatch spacing to 
produce a suitable overlap for the melt pools in order to reduce gaps between scanning paths. 
Although this would also help to improve the densification of the part, the aim of this research 
was to produce the best quality component using the selected conditions of hatch pattern, 
spacing and layer thickness.  
 
4.5 Conclusion 
 An optimum quality part was produced using a powder feed rate of 10rpm and 
scanning speed of 18ipm. Extrapolating from the results, it can be concluded that using as 
high a laser energy input as possible with as low a powder feed rate as possible (to reduce the 
lack of fusion defects) will produce the optimum sample for this system. The results also 
showed how proper selection of processing parameters will affect the quality of the part, both 
in terms of minimal porosity and dimensional accuracy. 
 
                                                                                               END
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Chapter 5 Effect of Subsequent Layer 
Addition on Previous Layers 
 
 
5.1. Introduction 
In this research, the effect of subsequent layer addition on the microstructure and 
properties of previous layers is investigated. As further layers are added, heat is transferred 
into already deposited layers. This could create a change in the microstructure and properties 
of the previous layers as layer by layer the part height is increased. Optimum processing 
parameters are used to produce samples of 2 layers, 3 layers, 4 layers, 5 layers, 10 layers, 15 
layers, 20 layers and 25 layers. These samples are then used for investigation into the effect of 
subsequent layer addition. For example, the 2nd layer can be observed in various samples, to 
see if there are any changes. 
 
5.2 Modification of Methodology 
The LENS 450 system contains four nozzles, which direct the metal powder into the 
melt pool of the part being fabricated. After the first part of this research (Chapter 4. 
Optimisation of Processing Parameters) was completed the nozzles for the system had to be 
changed. They were replaced with the same type of nozzles (model, size, shape, material etc.), 
however, it was found that the powder feed rate, which was previously measured in rpm 
produced different thickness and density parts to before. This was determined to be due to 
abrasion of the nozzles in the first part of the research, which meant that the powder was not 
focused as accurately. When the powder is unfocused, it could create more porosity due to 
lack of fusion defects caused by excess unmelted powder. Thus before beginning this part of 
the project, further samples were produced to determine the best quality part to use for the 
subsequent layer addition research. With the new nozzles, parts could be produced with lower 
powder feed rates (due to the focused powder) and also better densifications. These results are 
indicative of the quality of parts that can be produced with good condition nozzles that have 
just been installed.  
As 18ipm produced the best samples in the first part of the research, firstly samples 
were produced for 18ipm using various powder feed rates that would produce accurate layer 
thickness, 5rpm (7.35g/min), 6rpm (8.25g/min), 7rpm (9.34g/min) and 8rpm (10.97g/min). 
The density and porosity of these samples are shown in Table 5.1. The powder feed rates were 
measured in g/min to assist with comparisons with other research and help with 
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generalisation. All these samples were dimensionally accurate with the height being measured 
as 1.5cm. A powder feed rate of 4rpm did not produce the correct layer height and so was not 
included in the set of samples. 
From previous literature and the optimisation in the first part of this research, it can be 
established that the best quality samples (within the ranges of this system) will be achieved by 
using the highest possible laser energy density, while minimising the powder feed rate. This 
means that using the slowest scanning speed with a small powder feed rate was likely to 
produce the best component. The new samples were produced for a scanning speed of 18ipm, 
which was already considered a slow scanning speed for the LENS 450 system. Consideration 
was made into producing samples for even lower scanning speeds, for example 15ipm, with 
very low powder feed rates, however, from producing the samples in the first part of the 
research it was considered that 15ipm was unreasonably slow and so these samples were not 
further considered for this research. 
 
Table 5.1 Density of modified samples 
Powder Feed Rate (rpm) 
(g/min) 
Scanning Speed (ipm) 
5 
7.35 
18 
6 
8.25 
18 
7 
9.34 
18 
8 
10.97 
18 
Sample Number a1 a2 a3 a4 
Density (g/cc) 7.909 7.900 7.903 7.875 
Porosity 0.34% 0.45% 0.41% 0.77% 
Note: The porosity was calculated using a standard density of 316L stainless steel of 7.936g/cm^3 
 
Table 5.1 clearly shows that the lower powder feed rate tends to give a better density. 
The powder feed rate sample for 7rpm gave a lower porosity than the powder feed rate 6rpm 
sample. When the 7rpm sample was produced it gave the correct height (1.5cm), however, it 
produced a slightly larger width. It was thus decided that this result may be different due to 
this unusual printing outcome and so was not considered to be representative of the density 
results. Figure 5.1 shows the relationship between powder feed rate and porosity. It can be 
seen how the porosity decreases linearly with smaller powder feed rates. Thus it was decided 
that the 5rpm sample was the best choice for this research and so was used in the subsequent 
layer addition research. 
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Figure 5.1 Relationship between powder feed rate and porosity 
 
Figure 5.2 is an optical microscope image of the microstructure of the new optimised 
sample. It can be seen that the microstructure is very similar to those obtained in Chapter 4, 
however, there is very little porosity in this sample. Thus the samples produced after the 
nozzle replacement are an improvement on the original samples. 
 
       
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Microstructure of 5rpm sample (sample a1) 
 
5.3 5RPM Sample 
5.3.1 Microstructure 
Figure 5.2 shows the microstructure of the optimised part with scanning speed 18ipm 
(7.62mm/s) and powder feed rate 5rpm (7.35g/min). The microstructure formed is very 
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similar to the microstructure described in chapter 4. It contains the same microstructural 
features such as melt pools, scanning pattern, dendrites in scanning direction with upward 
component and dendrites between melt pools. In this sample grains can be observed in the 
melt pools, which is discussed in section 5.3.3. It can be seen that there is virtually no 
porosity in the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Microstructure of 5rpm sample 
5.3.2 Porosity 
As previously mentioned the new optimum sample had only 0.34% porosity. From 
literature it has been established that porosity in AM samples exists in two main forms. These 
are; elongated defects due to lack of melting tending to be around melt pools and spherical 
porosity caused by entrapped gases in the melt pool (Mertens et al., 2014). Figures 5.4 to 5.7 
show images of the porosity in the sample. Figures 5.4 and 5.7 show elongated porosities 
which are most likely caused by unmelted powder, whereas the porosity in Figures 5.5 and 
5.6 are highly spherical and could be caused by entrapped gases. It was found that most of the 
porosity existed near the edges of the sample or near the base of the sample, while the centre 
of the part formed well and defect free. This indicates that the porosity is more prominent in 
areas of rapid cooling, either through conduction to the base plate (at the base) or through 
convection and radiation at the edges. Each successive layer addition increases the bulk 
temperature of the part. This can explain why ‘lack of melting defects’ are not seen in the 
centre of the part, but are found near the edges in areas of rapid cooling. Furthermore, there is 
the possibility that rapid cooling could cause turbulence of the melt pool, increasing the 
likelihood of entrapped gases. Thus explaining why the porosity is cumulated around the 
edges and base of the part. 
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Figure 5.4 Elongated porosity in top left of 5rpm sample 
 
Figure 5.5 Round porosity in bottom of 5rpm sample 
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Figure 5.6 Round porosity in edge of 5rpm sample 
 
Figure 5.7 Elongated porosity in edge of 5rpm sample 
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5.3.3 Grains 
Within the melt pools, grains could be seen. Figure 5.8 and Figure 5.9 show the grains 
in a melt pool in the top and middle of the sample, respectively. It can also be seen that there 
is epitaxial grain growth as the grains continue across melt pool boundaries, as found in 
previous research (Casati et al., 2016)(Zhang et al., 2003). Thus meaning that the grain 
continues in the original growth direction after remelting at the boundary. The cellular 
appearing structures from this view are likely to be elongated in the direction perpendicular to 
this view. As such, the equaixed grains represent equaixed dendrites in the scanning direction, 
which is out of the page in this image.  
The grain growth size should also correlate to hardness. However, with only the 
optical microscope images to go off and with the variation in grain sizes it was not possible to 
accurately enough determine the average grain size of each section. Overall the average grain 
size appeared to be about 100μm.  
 
 
 
 
 
 
 
 
 
Figure 5.8 Grains in top of 5rpm sample 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Grains in middle of 5rpm sample 
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5.3.4 Hardness 
The hardness of the powder feed rate 5rpm and scanning speed 18ipm sample was also 
measured. The results are shown in Figure 5.10 and Table 5.2 along with the results for the 
powder feed rate 10rpm and scanning speed 18ipm from chapter 4.  
 
 
 
 
 
 
 
 
 
 
 
*Sample produced before nozzle change 
Figure 5.10 Hardness of 5rpm sample compared to original optimum sample 
 
Table 5.2 Vickers microhardness of optimum samples produced before and after nozzle replacement 
Sample Top Section Middle Section Bottom Section Sample 
Average 
Sample a1 
 (5rpm 18ipm) 
190HV 210HV 210HV 203HV 
Sample 7 
(10rpm 18ipm*) 
184HV 188HV 189HV 187HV 
*Sample produced before nozzle change 
 
The hardness of the 5rpm sample is slightly higher than the hardness of the original 
samples. The difference in the top section is not large, but the middle and bottom samples are 
clearly harder for the new sample than the original one. This indicates that the process works 
better while the nozzles are new and the powder is focused directly to the melt pool. It also 
indicates a higher cooling rate, which suggests that the excess powder in the previous samples 
limited the cooling. The average hardness of the new 5rpm sample is 203HV ± 23HV as 
compared to the average hardness of the optimum sample of chapter 4, which was 187HV ± 
16HV (sample 7). 
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5.4 Results 
5.4.1 Microstructure 
Vertical cross sections were used to view the resulting microstructure. As opposed to 
the samples in the first part of the research, the samples in the subsequent layer addition 
research were cut so that they were still attached to the substrate. This produced some 
interesting results, in which the first two layers did not etch (Figure 5.11). The microstructure 
of the other layers showed similar trends to the full height samples and so it was decided that 
the hardness results might be more indicative of any changes with the reheating cycles.  
 
Figure 5.11 Samples on substrate – 1st & 2nd layer does not etch 
This result was seen to some extent in every sample, as shown by Figures 5.12 – 5.19. 
Overall, the microstructure did not seem to vary significantly from the microstructure of the 
full sized sample (Figure 5.3). 
 
 
 
Figure 5.12 Sample: 2 layer  Figure 5.13 Sample: 3 layer 
 
 
 
Figure 5.14 Sample: 4 layer  Figure 5.15 Sample: 5 layer 
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Figure 5.16 Sample: 10 layer  Figure 5.17 Sample: 15 layer 
 
 
 
Figure 5.18 Sample: 20 layer  Figure 5.19 Sample: 25 layer 
 
 
5.4.2 Microhardness 
Vickers microhardness test results are used to investigate the effect of the subsequent 
layer addition on the previous layers. Five Vickers microhardness tests were taken for each 
layer and the average was considered to be the hardness of that layer. Appendix D shows the 
Vickers microhardness results for the investigation into subsequent layer addition. Figure 5.20 
shows the hardness of the 2nd, 3rd, 4th and 5th layers in the 2 layer, 3 layer, 4 layer and 5 layer 
samples. The hardness of the 2nd, 3rd, 4th and 5th layers in the 10 layer sample was also 
included to indicate if there is any change after a large amount of layers has been added. If 
there is any change with the reheating cycles, it will be seen by a trend across the graph. For 
example, if annealing of the samples occurs there would be a decrease in hardness as each 
layer is added. The first layer was not measured as it was considered to still be embedded 
within the mild steel substrate. 
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Figure 5.20 Vickers microhardness of first five layers in each sample 
 
For the 10 layer, 15 layer, 20 layer and 25 layer samples, the hardness was also 
measured from bottom to top of the sample at various locations. These results are plotted in 
Figure 5.20. From this graph alone there does not appear to be any trend in the affect of the 
subsequent layer reheating, as each plot appears to cycle around 205HV (205HV±30HV). 
The average hardness of the full height sample was 203HV ± 23HV (sample a1). 
 
 
 
 
 
 
 
 
 
 
 
 
Note the grey line indicates the first five layers of the samples 
Figure 5.21 Vickers microhardness of 10 layer, 15 layer, 20 layer and 25 layer samples 
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5.5 Discussion 
 
5.5.1 New Sample 
 The replacement of the nozzles lead to a new optimum sample being produced. This 
sample was produced using a powder feed rate of 5rpm and scanning speed of 18ipm with a 
laser power of 300W. This new sample had a porosity of only 0.34% and a hardness of 
203HV±23HV. In research by Zietala et al. (2016), samples with a hardness of 289 ± 16HV 
were produced using a LENS 450 system. Although they used similar processing parameters 
they used powder with a different size distribution (Zietala et al., 2016). The smaller sized 
powder particles used in the Zietala et al. (2016) research could have accounted for the 
difference in hardness results. The new 5rpm sample also had better dimensional accuracy 
than the samples produced in chapter 4. As such, it was concluded that the system produces 
the best quality parts after the nozzles have just been installed and are in the best condition. 
 
5.5.2 Microstructure – Subsequent Layer Addition 
When etching the samples, it was found that the first two layers did not etch, as was 
shown by Figures 5.12 to 5.19. The samples were manufactured on a mild steel substrate. In 
contrast to the mild steel, 316L stainless steel is highly corrosion resistant (Newson, n.d.). As 
such, the mild steel substrate may have been acting as a sacrificial anode, corroding instead of 
the stainless steel. It was thus not possible to compare the microstructure of these layers using 
the optical microscope. It was decided to focus on any changes in hardness as being indicative 
of any changes to the layers with the subsequent layer addition.  
 
5.5.3 Hardness – Subsequent Layer Addition 
The microhardness results showed no clear change in layer hardness with subsequent 
layer addition. Although there was some variation from layer to layer, the variation was not in 
any clear trend (i.e. does not increase or decrease with each subsequent layer addition). Thus 
it was concluded that the subsequent layer addition did not affect the hardness of previous 
layers and that the variation was due to the irreproducibility of AM parts. This was expected 
since the microstructure was entirely austenite and does not experience any phase changes on 
heating or cooling. As such the part should not experience any large change in hardness. The 
austenitic microstructure is also not treatable by heat treatments and as such there would not 
be any microstructural changes for this reason. The small variation in the hardness of some 
layers was concluded to be associated with the reproducibility issues associated with AM. 
Each time a part is fabricated there can be slight variations in parameters, which result in 
slightly different part properties. A microhardness test was also used, which would be 
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sensitive to any variations such as microporosity or inclusions in the material. The 
microhardness test measures localised hardness and so is dependent on the microstructure 
properties in a localised area meaning that it is highly sensitive to any variations in the 
material or microstructure. It was observed that the hardness of each layer in the 10 layer 
sample was harder than the same layers in samples with less number of layers. This could be 
due to a build up of residual stress causing a slight increase in hardness after many layers have 
been added. The difference in hardness is certainly not large and is within the error of most 
samples, as such this effect was not considered highly significant.  
  The microhardness of the 10 layer, 15 layer, 20 layer and 25 layer samples oscillate 
around a hardness of about 205HV, which is similar hardness to the full sample. The variation 
in the hardness throughout the 10 layer, 15 layer, 20 layer and 25 layer samples would have 
been due to the non-uniform microstructure and properties throughout the AMED samples. 
This is a feature of AM that it is difficult to produce a uniform part. The microhardness 
measures localised hardness and so is sensitive to any variations, which would explain the 
variations in the hardness results throughout the samples.   
 
5.6 Conclusion  
This result is unique to austenitic stainless steels, as the austenitic microstructure did 
not experience any phase changes during part fabrication. Although the subsequent layer 
addition did not significantly affect the previous layers, this result adds to the knowledge and 
understanding of AM processes. It means that the effect of subsequent layer addition is not a 
major concern in the modelling of LENS 450 process when fabricating 316L stainless steel 
parts. This is a benefit of using austenitic stainless steel in this process. However, it should 
also be considered that the results might be different for AM of stainless steel using different 
systems and for different build patterns. Thus further research would be needed to gain an 
even greater understanding of the process and to understand further the formation of 
microstructure during subsequent layer addition. For example, some direct laser deposition of 
austenitic stainless steels using some systems may produce ferrite in the microstructure, the 
quantity and morphology of which could change during subsequent layer addition. 
 
END
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Chapter 6 Comparison of 
Microstructure to Cast Microstructure 
 
6.1 Introduction 
To truly see the uniqueness of the AMED microstructure and properties it is important 
to compare the results to conventional microstructures. As such, the results were compared to 
a small casting of 316 stainless steel of similar weight prepared in a PAM (plasma arc 
melting) furnace. This chapter contains the results of microstructure, hardness and density of 
the cast part and compares these results to the AMED parts. 
 
6.2 Microstructure of Cast Sample 
It is well known that the microstructure of cast ingots consists of the chill zone (small 
grains nucleate at wall), columnar zone (directional growth opposite to heat flow direction) 
and equiaxed grain growth zone (in the middle of the ingot). The microstructure of the 316 
stainless steel casting is shown in Figure 6.2. It can clearly be seen that the microstructure 
consists of directional growth, with columnar dendrites existing all the way through the 
sample, primarily in the vertical direction. Due to the small size of the sample, the dendrites 
extend across the whole sample, and there is no region of equaixed grains in the middle. In 
Figure 6.1 equiaxed grains can be seen near the edge of the part, where the grains nucleate at 
the wall. 
 
 
 
 
 
 
 
 
 
Figure 6.1 Equaixed grains at edge of part (chill zone) 
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Figure 6.2 Microstructure of cast sample (a) top left (b) top middle (c) middle (d) bottom right 
   
 
  
6.3 Ferrite Content 
The cast sample was magnetic indicating that there was a presence of ferrite, which is 
a BCC ferromagnetic phase. Figure 6.3 shows the dendrites in the cast sample, which are 
primarily austenite with dark regions of ferrite around them. This indicates the solidification 
mode of the casting sample was AF mode, with austenite dendrites forming first and then 
ferrite forming around them. This correlates with the Schoefer diagram (Chapter 2. Section 
2.5.6), which indicates that there would be a small amount of ferrite in a cast sample of 316 
stainless steel. 
a. 
b. 
c. d. 
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Figure 6.3 Phases in cast sample 
Although ferrite was found in the cast sample, no ferrite content was found in the 
AMED samples. This indicates that the very high cooling rates in the AMED sample 
prevented the secondary phase (ferrite) from forming. 
 
6.4 Comparison of Cast Microstructure to AMED Sample 
The AMED microstructure is much more complex than the cast microstructure, with 
various layers, melt pools etc. as discussed in Chapter 4 and Chapter 5.  A similarity between 
the two processes is the presence of clear directional microstructures. Figure 6.4 shows the 
dendrites in the cast sample and AMED part.  
          
Figure 6.4 Dendrites in samples (a) bottom of cast sample (b) powder feed rate 10rpm and scanning speed 18ipm 
sample 
   
It can be seen how the cast microstructure has a course columnar dendritic 
microstructure that begins at the bottom and edges of the sample and nucleates inwards. On 
a. b. 
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the other hand in the AMED microstructure, there are some dendrites in the vertical direction 
due to downward heat transfer towards the substrate, however, most of the dendrites nucleate 
and follow the scanning direction. There are also many dendrites around and in between melt 
pools, due to the large thermal gradients in these areas. The columnar dendrites in the AMED 
microstructure (snakeskin pattern) are much finer and more cellular than the dendrites in the 
cast sample. This is because of the very high cooling rate in AMED due to the high heat 
temperatures and localised heat inputs (Zhang et al., 2008)(Herzog et al., 2016). The faster 
cooling rate during AM does not allow for as much dendrite growth and thus forms finer 
dendrites. 
 
6.5 Density 
The density of the casting sample was found to be 0.2%. There was some porosity in 
the sample due to shrinkage defects. As the casting cools, the metal solidifies and there may 
not be enough material to ‘feed’ the solidification process and compensate for the shrinkage. 
This compares to the lack of fusion and entrapped gases defects in AMED parts, which can 
result from improper processing parameter selection. The samples produced in Chapter 4 had 
densities of 0.79% - 2.55%. This shows that the AMED parts have higher porosities than the 
cast sample, which was due mostly to lack of melting defects in the AM sample. In Chapter 5, 
further samples were produced after a nozzle change in which a sample of 0.34% porosity 
(powder feed rate 5rpm and scanning speed 18ipm sample) was produced. This demonstrates 
that the porosity in AMED parts can be reduced to be nearly as small as cast parts with proper 
selection and control of processing parameters.  
 
6.6 Microhardness 
The Vickers microhardness of the cast sample was measured in the top, middle and 
bottom of the sample to compare to the hardness of the AMED samples. For each section at 
least five microhardness tests were taken. The results are shown Figure 6.5 and Table 6.1 
along with the results from the optimum samples of Chapter 4 and Chapter 5.  
 
 
 
 
 
 
 
 CHAPTER 6 COMPARISON TO CASTING 71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Sample produced before nozzle replacement 
Figure 6.5 Hardness of cast sample 
Table 6.1 Vickers microhardness of cast sample 
Sample Top Section Middle Section Bottom Section Sample Average 
Cast Sample 156HV 153HV 154HV 154HV 
 
It can be seen that the cast sample has a lower hardness (154HV±10HV) than the 
AMED samples (sample a1: 203HV±23HV, sample 7: 187HV±16HV), which would be due 
to the high cooling rates during AM producing fine grains compared to conventional 
manufacturing methods. The hardness of the cast sample is also more uniform (±6.5% 
variation) than the AMED samples (±10% variation), this demonstrates the more simple and 
uniform microstructure of the cast sample than the complex microstructure of the AMED 
samples.  
 
6.7 Conclusion 
The results of the comparison of the AMED microstructure with the cast 
microstructure, show that the AMED parts have unique and complex microstructures. Both 
show directional cooling, however, the AMED have much finer dendritic columnar structures. 
In the cast sample, the directional cooling is primarily in the vertical direction due to the heat 
transfer through the base and top of the part, whereas in the AMED there are vertical 
dendrites but also dendrites in the vertical direction and following the scanning direction. The 
AMED microstructure consisted only of austenite, while the cast sample was magnetic and 
contained small amounts of ferrite that had formed around the austenite dendrites. The AMED 
parts also have better hardness than the cast parts due to the fine microstructures. This is one 
of the benefits of AM.                              END
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Chapter 7 Conclusions 
 
7.1 Aim of Research  
The main aim of this research was to investigate the effect of subsequent layer 
addition on previous layers of a direct laser deposited part. As further layers are deposited the 
heat from the newly deposited layers transfers into previous layers, and it was desired to 
investigate whether this reheating cycle had an effect on the previous layers of a 316L 
stainless steel part. Before this research could begin the processing parameters had to be 
optimised for the LENS 450 system used in the research. Both these goals were achieved, 
although there was some deviation from the initial project plan due to the experimental 
outcomes. For example, the processing parameters were optimised, however, further samples 
had to be produced after a nozzle replacement to once again find the optimum sample. For the 
investigation into the effect of subsequent layer addition on the previous layers, the 
microstructure of the first two layers did not etch and so the microstructure of these layers 
could not be used in the investigation. This resulted in the hardness being the primary 
indicator of the results in this research. As there is a correlation between microstructure and 
hardness, it was not considered that this would significantly affect the outcomes of the 
research. Both of the research goals and outcomes are discussed in this section along with 
recommendations for future work. 
 
7.2 Results 
7.2.1 Optimisation 
The optimisation of the processing parameters was successful in that a set of optimum 
processing conditions was obtained. It was found that for the range of processing parameters 
used, the smaller the powder feed rate, the better the results produced. It was also found that 
higher laser power would produce optimum results. The relationship between scanning speed 
and porosity was more complicated, as the scanning speed both affected the amount of 
powder distributed and the amount of melting. It was thus concluded that for the LENS 450 
system it was best to achieve the highest possible laser energy density while also minimising 
the powder feed rate. That is, the slowest scanning speed with a very small powder feed rate 
and a high laser power. Across all the samples, there was not a large difference in the 
hardness, which means that samples can be produced with the aim of achieving the best 
quality, in terms of the density, without worrying about significantly affecting other part 
properties, such as hardness. After a nozzle replacement, further samples had to be produced 
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with different processing parameters to produce samples of the same size. This demonstrates 
the problems with reproducibility of AM, which limits the possibility for uniformity of AM 
procedures. After production of these samples it was found that a powder feed rate of 5rpm 
and a scanning speed of 18ipm with a laser power of 300W produced the best quality sample. 
 
7.2.2 Effect of Subsequent Layer Addition 
The research into the effect of subsequent layer addition did not proceed quite as 
planned. The initial plan for the research was to investigate the effect of subsequent layer 
addition on the microstructure and hardness of the previous layers. However, once research 
had begun it was found that the first few layers of the sample did not etch, which was 
concluded to be due to the steel substrate acting as a sacrificial anode to the stainless steel. 
The conclusions thus had to be drawn from the hardness results. The hardness results show 
that there was no significant change in the layers with the reheating cycles. There was 
variation in hardness throughout the part and in different layers, however, this was attributed 
to the variability of AM parts and not a trend from reheating of the layers. This suggests that 
for 316L stainless steel the reheating due to subsequent layer addition does not cause any 
significant changes to previous layers and thus is not a large consideration for modelling and 
control of laser deposited 316L stainless steel. Although this was the case in this research, 
more research would be needed using different systems and design parameters, as in different 
AM situations it is possible that other phases such as ferrite could be present and change with 
subsequent layer addition. 
 
7.2.3 Comparison to Cast Microstructure 
 The AMED samples were also compared to a conventional cast part, in terms of 
microstructure and hardness. The results showed that the AMED part had a much more 
complex microstructure and had better properties, in terms of higher hardness (e.g. 203HV for 
sample a1 compared to 154HV for the cast sample). The densities of the parts were similar. 
These results showed the complexity of AMED parts and also that with proper processing 
parameters, AM can produce parts with better properties than conventional manufacturing 
methods. 
 
7.3 Outcomes 
The main outcome of this research is that the effect of subsequent layer addition for 
direct laser deposited 316L stainless steel has been investigated and analysed for fabrication 
using a LENS 450 system. As such, this has generated new knowledge of AM and added to 
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the research investigating the complex processes and thermal cycles during AM. Previous 
research has stated that to fully take advantage of the unique and complex benefits that AM 
can offer, a thorough understanding of AM processes must be developed so that control and 
modelling of AM processes can be achieved (Uriondo et al., 2015)(Frazier, 2014). This 
current research thus adds a new insight into the knowledge of direct laser deposition for 
316L stainless steel. The processing parameters have also been optimised for the direct laser 
deposition of 316L stainless steel for the LENS 450 system, which will thus allow for further 
research into this process to continue using these parameters.  
 
7.4 Recommendations 
The following recommendations for continuation and improvement of this work can 
be made. Firstly, any work into researching using the LENS 450 system should be performed 
after the nozzle replacement, as the nozzle will focus the powder better at this time before 
they begin to undergo abrasion and the nozzles should be replaced regularly to minimise the 
possible abrasion risk. 
 For the optimisation of the processing parameters it was noted that other processing 
parameters, powder characteristics and design parameters will also affect the resultant 
microstructure and quality of the part. Therefore, it would be beneficial to investigate the 
effect of these parameters. For example, trying different powders or decreasing the hatch 
spacing. It would also be interesting and potentially beneficial to investigate the effects of the 
powder density and laser energy density, as were shown by equations 2.4 and 2.5. Processing 
parameters could be changed in such a way to hold one of the equations constant while 
changing the value of the other one. By investigating the effects of these parameters, it would 
be possible to find an optimum laser energy density and an optimum powder density. These 
relationships would thus be more simple than the complex interaction between scanning speed 
and part quality. 
For the investigation into effect of subsequent layer addition it was found that the 
austenitic stainless steel did not undergo any major changes with the reheating cycles. To 
fully investigate this phenomenon, it would be recommended that further research into direct 
laser deposition of stainless steel be performed in a similar way using the same layer-wise 
approach but using different systems to see if these results are generic across different AM 
systems and processes. Further investigation into this research will further deepen the 
understanding of AM and allow for more control of the AM process. 
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Appendix A. Powder Data Sheet 
 
 
Figure A.1 Powder data sheet 
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Appendix B. Calculation of Density Using Archimedes Principle 
 
 
The calculation of density of the samples relied on Archimedes principle, which is that the 
buoyance (upward) force on a submerged object is e qual to the weight of the liquid displaced. 
This can be represented by equation B.1. 
 
𝑚𝑜𝑏𝑗𝑒𝑐𝑡 − 𝑚𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 =  𝜌𝐿𝜐 Equation B.1 Archimedes Principle 
 
 
Where 𝑚𝑜𝑏𝑗𝑒𝑐𝑡  = mass object 
           𝑚𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 = apparent mass of object 
            𝜌𝐿 = density of liquid 
            𝜐 = volume of object 
 
The volume of the object, v = 
𝑚𝑜𝑏𝑗𝑒𝑐𝑡
𝜌
 and thus the density of the object can be calculated by 
Equation B.2.  
 
𝜌𝑜𝑏𝑗𝑒𝑐𝑡 =  
𝑚𝑜𝑏𝑗𝑒𝑐𝑡×𝜌𝐿
𝑚𝑜𝑏𝑗𝑒𝑐𝑡 − 𝑚𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
 
Equation B.2 Calculation of Density 
 
 
Thus by measuring the weight of the object in air, and in Galden water the density of the part 
can be calculated. The density of the Galden water was dependent on temperature and thus the 
temperature of the liquid at the time of measurement has to be recorded and used to determine 
the correct density. For example:  
𝜌𝐿 = 1.6975 g/cc at 23.0C 
 
𝜌𝐿 = 1.6962 g/cc at 23.5C 
 
𝜌𝐿 = 1.695 g/cc at 24.0C 
 
𝜌𝐿 = 1.692 g/cc at 24.5C 
 
A standard, of known volume, is also used in which the weight is measured both in air and in 
the Galden water and used to give a correction factor to apply to the density results.
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Appendix C. Vickers Microhardness Raw Data 
 
The following tables show the values obtained by the Vickers microhardness testing of each 
sample. The average hardness of the top, middle and bottom of each sample and the error 
above and below each average is shown. The average of all the data for each sample is also 
shown along with the overall error above and below the average.  
 
Table C.1 Raw data from microhardness testing 
       
Average Above Below 
Sample 1 Top 184 177 174 192 181 182 10 8 
 
Middle 185 188 177 185 195 186 9 9 
 
Bottom 192 181 193 203 187 191 12 10 
   
AVERAGE 186 ERROR 17 Above 
  
      
12 Below 
  
          
Sample 2 Top 167 185 193 179 191 183 10 16 
 
Middle 184 179 183 187 183 183 4 4 
 
Bottom 176 184 192 197 181 186 11 10 
   
AVERAGE 184 ERROR 13 Above 
  
      
17 Below 
  
          
Sample 3 Top 166 168 191 176 165 173 18 8 
 
Middle 184 175 190 181 176 181 9 6 
 
Bottom 170 172 167 177 177 173 4 6 
   
AVERAGE 176 ERROR 15 Above 
  
      
11 Below 
  
          
Sample 4 Top 200 185 205 202 199 198 7 13 
 
Middle 182 188 193 207 195 193 14 11 
 
Bottom 196 194 187 191 214 196 18 9 
   
AVERAGE 196 ERROR 18 Above 
  
      
14 Below 
  
          
Sample 5 Top 175 183 183 179 190 182 8 7 
 
Middle 180 185 182 193 184 185 8 5 
 
Bottom 188 180 174 169 188 180 8 11 
   
AVERAGE 182 ERROR 11 Above 
  
      
13 Below 
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Average Above Below 
Sample 6 Top 181 172 159 181 170 173 8 14 
 
Middle 198 198 197 201 192 197 4 5 
 
Bottom 192 181 172 167 191 181 11 14 
   
AVERAGE 183 ERROR 18 Above 
  
      
24 Below 
  
          
Sample 7 Top 179 186 179 179 198 184 14 5 
 
Middle 184 176 192 194 195 188 7 12 
 
Bottom 186 174 191 203 189 189 14 15 
   
AVERAGE 187 ERROR 16 Above 
  
      
13 Below 
  
          
Sample 8 Top 198 172 183 216 198 193 23 21 
 
Middle 202 188 205 197 189 196 9 8 
 
Bottom 205 191 199 191 196 196 9 5 
   
AVERAGE 195 ERROR 21 Above 
  
      
23 Below 
   
Sample 9 Top 182 173 184 180 156 175 9 19 
 
Middle 188 188 203 186 183 190 13 7 
 
Bottom 193 202 216 185 182 196 20 14 
   
AVERAGE 187 ERROR 29 Above 
  
      
31 Below 
   
Sample 
10 Top 179 195 174 188 183 184 11 10 
 
Middle 204 194 198 188 183 193 11 10 
 
Bottom 180 191 195 198 188 190 8 10 
   
AVERAGE 189 ERROR 15 Above 
  
      
15 Below 
   
a1 Top 185 190 193 201 180 190 11 10 
 
Middle 211 224 207 201 208 210 14 9 
 
Bottom 205 206 206 215 216 210 6 5 
   
AVERAGE 203 ERROR 21 Above 
  
      
23 Below 
   
Casting Top 156 161 156 156 153 156 5 3 
 
Middle 153 164 148 147 151 153 11 6 
 
Bottom 147 156 164 155 146 154 10 8 
   
AVERAGE 154 ERROR 10 Above 
  
      
8 Below 
   
END
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Appendix D. Vickers Microhardness of Subsequent Layer 
Addition Samples 
 
The Vickers microhardness of the 2nd, 3rd, 4th and 5th layers in the 2 layer, 3 layer, 4 layer, 5 
layer and 10 layer samples are shown in Table D.1. 
 
Table D.1 Raw data from subsequent layer microhardness testing 
          Layer     
Number Sample 1 2 3 4 5 Average 
Error 
Above Below 
2 2 Layer 200 185 183 195 207 194 13 11 
 
3 Layer 203 204 202 204 207 204 3 2 
 
4 Layer 198 187 181 201 210 195 15 14 
 
5 Layer 185 192 200 186 200 193 7 8 
 
10 Layer 206 203 221 220 200 210 11 10 
3 3 Layer 191 194 191 195 193 193 2 2 
 
4 Layer 200 197 202 206 204 202 4 5 
 
5 Layer 185 199 187 201 189 192 9 7 
 
10 Layer 200 201 213 206 202 204 9 4 
4 4 Layer 181 194 191 192 187 189 5 8 
 
5 Layer 204 192 204 211 203 203 8 11 
 
10 Layer 205 217 219 204 193 208 11 15 
5 5 Layer 189 184 187 191 205 191 14 7 
 
10 Layer 216 206 212 192 205 206 10 14 
 
